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Abstract
Abstract
Fine bubble diffusers are utilised within the activated sludge process to fulfil two 
requirements: they supply dissolved oxygen to satisfy the respiratory demands of the 
microbial population and maintain the mixed liquor suspended solids in suspension. The rate 
at which oxygen is transferred into solution by an aeration device, and the amount of energy 
used during the process will effect the efficiency and hence the cost of treatment. There often 
exists a difference in wastewater oxygenation capacity compared to that of potable water 
under the same conditions. This reduction Is due to the presence of mechanisms that inhibit 
the oxygen transfer process. This inhibition of oxygen transfer within wastewater is 
characterised by the alpha factor. There are a number of variables, be they physical, 
chemical or biological, that are believed to contribute towards the alpha factor. A 
comprehensive literature review of these factors is provided. Three distinct areas that 
influence the performance of fine bubble diffusers in a wastewater environment are examined.
A photographic approach was used to investigate the influence of surfactants upon the bubble 
formation process with respect to fine bubble diffusers. Anionic surfactants were found to 
have a significant impact upon at the point of bubble formation, reducing the major and minor 
mean bubble diameters and producing a more uniform bubble size. In the presence of 
anionic surfactants, the generic type of diffuser material was found to determine the level of 
impact of the surfactant upon the bubble formation process with ceramic diffusers being the 
most adversely affected.
The influence of the physical variables of depth of immersion, airflow rate, and generic type of 
diffuser material upon the oxygen transfer performance of fine bubble diffusers were 
investigated in a 6m deep aeration test rig. Comparisons of results in clean water and clean 
water with anionic surfactants were undertaken in order to simulate the effects of the alpha 
factor. In the presence of anionic surfactants, ceramic diffusers were found to be the most 
adversely affected in terms of oxygen transfer performance when compared to that of plastic 
and membrane diffusers. The alpha factor was found to be insensitive to increases in airflow 
rate per diffuser for the range 0.5 -  4m^/hr per diffuser. With respect to the influence of the 
depth of diffuser submergence upon the alpha factor, it was found that once the rising bubble 
plume had become fully developed at a depth of 1.75m, the alpha factor was found to be 
constant up to the maximum depth investigated of 5.75m.
The causes and consequences of diffuser fouling are discussed. Investigations into the rate 
of fouling and the impact upon fine bubble diffuser performance are presented. Dynamic Wet 
Pressure (DWP) and Standard Oxygen Transfer Efficiency (SOTE) data are presented from 
several full-scale operational plants and two experimental rigs. The fouling of fine bubble
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diffusers was found to increase the DWP whilst decrease the SOTE. The degree of fouling 
was found to be related to the position of the diffuser within the treatment process where the 
greater the treatment received, the less the degree of fouling. The major inorganic foulant 
was identified as Calcium. The generic type of diffuser material was found to significantly 
affect the changes in the DWP during diffuser operation, with plastic diffusers being most 
adversely affected.
The implication for practice of the research findings are discussed and It is recommended that 
the operational cost implications of the choice of specific diffusers be considered along with 
the capital costs when making future procurement decisions.
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Background to Research
It is estimated that approximately 50% of the wastewater that is given aerobic biological 
treatment In the United Kingdom receives treatment in activated sludge plants. The activated 
sludge process is a method of treating biodegradable wastewater by aerating and agitating 
the liquid in admixture with activated sludge, otherwise known as mixed liquor. The activated 
sludge is then subsequently separated from the treated effluent by settlement. In order for 
these biological systems to operate effectively, sufficient oxygen has to be provided to the 
aerobic bacteria. This oxygen is supplied via an aeration system, which in the activated 
sludge process supplies dissolved oxygen to satisfy the respiratory demand of the microbial 
population and maintains the mixed liquor suspended solids in suspension.
The aeration system is a key component of the aerobic biological wastewater treatment 
process for two main reasons:
• the quality of the wastewater treatment is directly related to a sufficient input of oxygen;
• aeration accounts for 60-80% of the energy consumed within activated sludge plants.
Submerged fine bubble diffusers are frequently employed in order to maximise the interfacial 
area for oxygen transfer to occur across from the dispersed gas phase into the bulk 
wastewater. This research is only concerned with fine bubble diffusers. Fine bubble diffusers 
are defined as those diffusers, which when new, produce bubbles of 2-5mm diameter in 
potable water. Fine bubble diffusers are constructed from either ceramic, porous plastic or 
more recently, synthetic polymer membrane materials and are manufactured in various forms, 
typically plates, tubes or domes.
One of the contributory factors to the overall efficiency of aeration systems is the rate at which 
oxygen is transferred into solution by the aeration device. This has a direct effect upon the 
amount of energy consumed during the process and hence the subsequent cost of treatment. 
It is therefore essential that the factors that may influence the oxygen transfer performance of 
aeration equipment be thoroughly understood.
Traditionally, the performance of fine bubble diffusers has been measured in terms of oxygen 
transfer capacity in clean water conditions, and as such, there is very little difference in 
performance between the different generic diffuser materials of plastic, ceramic and synthetic 
rubber. Unfortunately, diffusers do not operate in clean water, but in the aggressive 
environment that is a wastewater treatment plant.
Increased knowledge of the causes and mechanisms of the impairment of the performance of 
fine bubble diffusers within wastewater may lead to process and equipment modifications that
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would enable improvements in the treatment efficiency of existing assets. This in turn may 
reduce or even remove the requirement for the investment in new treatment facilities, thus 
possibly providing considerable fiscal savings and preventing unnecessary environmental 
degradation. It was with this context that the research programme presented in this portfolio 
was formulated.
Research Objective
The overall research objective of this work can be defined as:
“The investigation of factors that influence the performance of fine bubble diffused aeration 
systems”.
In order to achieve this objective, several research problems were identified. These problems 
were:
• What is the current state of knowledge with regard to the inhibition of oxygen transfer to 
wastewater?
• Is the bubble formation process dependent upon the interactions between the diffuser and 
the bulk phase liquid?
® Does the generic type of diffuser have a significant impact upon the oxygen transfer 
performance of the system? 
e How do operational variables impact upon the performance of fine bubble diffusers?
• How does the operational performance of diffusers change over time?
• What are the implications (financial, operational and environmental) of an under­
performing fine bubble diffused aeration system?
In order to answer these research problems, it was decided to separate the investigations into 
three distinct, but related topics, these being;
• The influence of surfactants on bubble formation,
• Factors affecting oxygen transfer,
• Fouling of fine bubble diffusers.
The results of these investigations are then considered in the final section which examines 
the implications for practice.
The Influence of Surfactants Upon Bubble Formation With Respect to Fine 
Bubble Diffusers
The performance of wastewater aeration equipment is determined to a large extent by the 
properties of the bubbles generated by the system, with the gas hold-up and mass transfer 
coefficients in particular being strongly dependent upon the bubble size characteristics. It is 
reported in the literature that as well as determining the bubble size and distribution within the 
system, the bubble formation process is important as a significant proportion of mass transfer
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occurs during this phase. Theoretical models of bubble formation indicate that the size of air 
bubbles generated by diffused aeration devices is related to both the orifice diameter and the 
surface tension of the bulk phase liquid. The bubble size produced is therefore a result of the 
buoyancy force separating the bubble from the orifice and the shearing force necessary to 
break the surface tension across the orifice.
It was hypothesised that the impairment of the performance of fine bubble diffusers could 
occur in two distinct stages. These are the previously mentioned and well documented 
fouling of the diffuser and a change in the behaviour of the diffuser in respect to the bubble 
formation process. It was thought that the diffuser substrate may be modified by 
contaminants within the wastewater in such a manner as to significantly alter the way in which 
they operate and this modification may well occur soon after the commencement of operation 
in a wastewater environment.
In order to investigate this hypothesis, a series of visual observations of the bubble formation 
process were undertaken. Due to the opaque nature of wastewater, it was decided to 
simulate the bubble formation process in wastewater using a solution of clean water 
containing surfactants.
The objective of this section of work were:
• To undertake visual observations of the bubble formation process for ceramic and plastic 
diffusers in clean water and in the presence of surfactants;
• To determine the impact of surfactants upon the bubble formation process and subsequent 
bubble rise;
• To establish if there is a significant difference in the behaviour of plastic and ceramic 
diffusers with respect to the bubble formation process.
Two types of diffusers were selected to study the impact of the diffuser material on the bubble 
formation process. These materials were a ceramically bonded alumina and a high-density 
polyethylene (HDPE). Analysis of variance of the data generated from the images was 
undertaken in order to allow treatment comparisons to be made.
In the case of fine bubble diffusers, the presence of surfactants were found to significantly 
alter the conditions under which bubbles are generated. At the point of bubble formation, 
surfactants were found to reduce the major and minor mean bubble diameters and also result 
in a more uniform bubble size. Surfactants led to smaller, more rigid bubbles that were 
significantly less susceptible to deformation during their rise through the bulk liquid phase and 
resulted in a reduction of the frequency and magnitude of bubble interactions and 
coalescence.
The Performance of Fine Bubble Diffusers vi
Executive Summary
The generic type of diffuser, be it high-density polyethylene or a bonded alumina, was found 
to have a significant impact upon the mean bubble diameter. In the presence of surfactants, 
the generic type of material of the diffuser determined the Impact of the surfactant during the 
bubble formation process. Ceramic materials were found to be the most adversely affected in 
the presence of surfactants, producing significantly smaller bubbles that are more uniform in 
shape and size
The Oxygen Transfer Performance of Fine Bubble Diffusers
The mass transfer product (/c/.aj for many aeration devices Is often evaluated In clean water. 
However, this transfer product may differ considerably in operational conditions due to 
changes in process variables, be they physical, biological or chemical. The ratio of the overall 
wastewater mass transfer product to the clean water mass transfer product is designated by 
the alpha (a) factor. The correct determination of the alpha factor for a particular wastewater 
and process configuration is essential to the proper design and operation of aeration systems 
in order for the correct oxygenation demands of the process to be met by the installed 
equipment.
Many previous investigators have identified the need for a portable, reproducible test that is 
capable of measuring the inhibition of oxygen transfer to wastewaters in an accurate and 
practical manner. In order to move the development of such a test forward, the importance of 
scale upon some of the key physical variables was identified as requiring investigation. To 
this end, the following research problem was formulated:
"Do the physical variables o f diffuser type, depth of immersion, airflow rate and diffuser 
material have a significant effect upon the alpha factor?”
In order to answer this research problem, a series of experiments were performed in a 
purpose built aeration test column that was capable of replicating the physical variables 
encountered in operational installations. Clean water unsteady-state oxygen transfer tests 
were conducted and compared to surfactant-added unsteady-state oxygen transfer tests. 
The purpose of the addition of the surfactant was to mimic the inhibition of oxygen transfer 
within wastewater. Surfactants were used rather than wastewater per se, as they enabled the 
biological variables of live systems (respiration rate, production of extra-cellular polymers, 
etc.) to be eliminated from the experiments thus enabling the investigation to isolate the 
purely physical variables of depth of submergence, diffuser material and air flow rate.
In clean water conditions, there was found to be no significant difference in the oxygen 
transfer performance of plastic, ceramic or membrane diffusers. The mass transfer product 
U<l32o) and the standard oxygen transfer rate (SOTR) were found to increase linearly with 
increasing airflow. The standard oxygen transfer efficiency (SOTE) of fine bubble diffusers
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was found to decrease with increasing airflow. Both the SOTR and the SOTE were found to 
increase as the depth of immersion of the diffuser increased.
In the presence of anionic surfactants, there was found to be a significant reduction in the 
oxygen transfer performance of all of the generic types of fine bubble diffuser materials with 
the ceramic material being the most adversely affected.
The influence of the physical variables of airflow rate and depth of immersion on the alpha 
factor were investigated by comparing surfactant-added mass transfer data to clean water 
mass transfer data. It was found that the alpha factor was insensitive to increases in airflow 
rate per diffuser for the range of 0.5m^/hr to 4m%r, the typical operating range for fine bubble 
diffusers. The influence of the depth of submergence of the diffuser on the alpha factor was 
found to be significant up to a depth of 1.75m. At depths greater that 1.75m, the alpha factor 
was found to be constant. The relationship between depth of submergence and the alpha 
factor is believed to be due to the time taken for the rising bubbles to reach terminal velocity 
and for the dispersion of the bubble plume to become fully established.
The Fouling of Fine Bubble Diffusers
Fine bubble diffusers experience reductions in their operational performance over time due to 
factors such as fouling, both air-side and liquid-side, age, material degradation and 
operational and maintenance regimes. The fouling of diffusers is reported to be dependant 
on the wastewater characteristics and as such is highly site-specific. Due to the difficulties 
involved with the acquisition and quality of operational data, little information exists about the 
performance of fine bubble diffusers throughout their operational life.
In order to gain an understanding of how the performance of diffusers changes with respect to 
time, an experimental programme to collect operational and pilot-scale data was formulated. 
Whenever possible, diffusers from full-scale operational wastewater treatment plants were 
removed and analysed for their oxygen transfer performance and dynamic wet pressure. 
Attempts to characterise the types and key elements of the foulants were also undertaken.
A collaborative research project was also undertaken with other UK wastewater practitioners 
to assess the influence of site-specific wastewater characteristics upon ceramic and plastic 
fine bubble diffusers. Seven test rigs were installed into full-scale operational plants and the 
performance of the diffusers on these rigs was monitored by means of dynamic wet pressure 
measurements. The rigs also underwent periodic removal to enable the oxygen transfer 
performance of the diffusers to also be evaluated. This project is scheduied to run until 
October 2002 and thus the results presented herein are of an interim nature.
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The investigations into the fouling of fine bubble diffusers has shown that both dynamic wet 
pressure (DWP) measurements and standard oxygen transfer efficiency (SOTE) tests are 
viable methods for monitoring the performance of diffusers over time. Fouling has been 
observed to increase the DWP of fine bubble diffusers, whilst decreasing the SOTE 
performance. The degree of fouling was found to be related to the position of the diffuser in 
the treatment process. The greater the degree of treatment, the lower the rate of fouling. Of 
the foulants that have been characterised, calcium was identified as the major inorganic 
foulant. This was believed to be due to water hardness that is experienced within the Thames 
Valley.
The monitoring of the diffuser fouling test rigs has enabled comparisons to be made between 
diffuser materials operating in the same wastewater, under the same process conditions. On 
the basis of interim results, the diffuser material has been shown to have a significant role in 
determining the extent to which the DWP changes when the diffuser is in operation. The 
addition of iron salts to the wastewater stream for the precipitation of phosphorous has also 
shown to increase the rate of fouling. This increase was more evident in diffusers constructed 
from piastic materials.
Implications for Practice
The impiications of the research upon aeration practice were found to be highly significant. 
The choice of the generic diffusers has been found to influence the efficiency of operation and 
hence the cost of treatment. This difference between the generic types of diffusers has a 
considerable impact upon the operational expenditure of the installed aeration equipment.
The uncertainty over constructing deeper aeration tanks and the subsequent impact of the 
alpha factor has been resolved. The alpha factor has been shown to be independent of depth 
once that the bubble plume hydrodynamics have become fully established.
The development of a portable, reproducible alpha test has been moved a step closer by the 
resolution of uncertainty over the physical variables of depth of immersion, airflow rate and 
generic diffuser material. Although a bench scale test has been shown to be 
unrepresentative, due to the requirement for the rising bubble plume to become fully 
developed, a portable apparatus is still a reality.
The environmental implications of the research are discussed and the impact of the efficiency 
of oxygen transfer upon the power requirements and subsequent cost of treatment and the 
link between satisfying the oxygenation requirements of the process and final effluent quality 
are highlighted.
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Conclusions
The work reported within this portfolio was aimed at increasing the understanding and 
knowledge of the performance of fine bubble diffusers that are employed In the aeration of 
wastewater. Several key findings have been identified by this research, these being;
• The generic diffuser material has a significant role in determining the performance of a fine 
bubble diffuser impacting upon the bubble formation process, the oxygen transfer 
efficiency and the rate of fouling.
® The bubble formation process has been shown to significantly alter in the presence of 
surfactants with smaller, more rigid bubbles being formed. Bubble formation has also 
been shown to make a significant contribution to the oxygen transfer with the system. 
The importance of this contribution was found to increase in the presence of surfactants.
• The aipha factor has been shown to be independent of the airflow per diffuser for the 
typical operational range encountered with fine bubble diffusers.
® The alpha factor has been shown to be dependent upon the submergence of the diffuser 
up to a depth of 1.75m and independent of depth above 1.75m. This relationship is 
believed to be due to the development of the rising bubble hydrodynamics and the 
formation of the bubble plume.
• Within the Thames Valley, calcium has been found to be the major inorganic foulant of 
operational fine bubble diffusers.
Recommendations for Future Work
All of the work presented in this portfolio has been undertaken using anionic surfactants to 
mimic the inhibition of oxygen transfer in wastewater. Although anionic surfactants represent 
the majority of surfactants within municipal wastewaters, it is recommended that any future 
work consider the impact of other surfactants.
It is important that this work be put in context. It has been undertaken to enable the overall 
goal of the development of a portable and repeatable alpha factor test to be moved closer. 
Many issues regarding the impact of physical variables and scale have been resolved herein, 
and the development of such a test is now a reality. Knowledge of the physical variables, 
such as diffuser material type, depth of submergence and airflow rate, will enable future 
investigators to focus on examining the influences of biological and biochemical variables on 
live respiring systems.
The interim results of the investigations into the fouling of fine bubble diffusers are already
enabling more informed decisions to be taken on the operation, maintenance and ultimately 
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replacement of aeration systems. This work Is scheduled to continue until September 2002 
when final recommendations will be made. However, at this interim stage, it is recommended 
that flexible membrane diffusers be incorporated into the study in order to investigate the full 
spectrum of diffuser types available. Anecdotal evidence suggests that flexible membrane 
diffusers may be more resilient to fouling, and it is important that they be evaluated as soon 
as is practicably possible.
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1.1 Background to Wastewater
Wastewater is the liquid portion of the waste generated by communities. It may be defined as 
“a combination of the liquid or water-carried wastes removed from residences, institutions and 
commercial and industrial establishments, together with such groundwater, surface water and 
storm water as may be present” (Metcalf & Eddy, 1991). The wastewater that is transported 
to the treatment works is therefore of a complex and fluctuating nature, varying with the time 
of day, the day of the week, and the activities of the surrounding industries.
A typical influent to the treatment plant is a highly turbid liquid, greyish in colour, which will 
putrefy quickly consuming any dissolved oxygen that may be present in the liquid medium. If 
untreated wastewater is allowed to accumulate, the decomposition of the organic materials 
can lead to the production of large quantities of malodorous gases. Untreated wastewater will 
usually contain large quantities of pathogenic or disease-causing micro-organisms and may 
also contain toxic compounds and nutrients. For these reasons the removal and treatment of 
wastewaters from their source is not only desirable but essential for the maintenance of a 
healthy society.
A combination of unit processes that utilise physical, chemical and biological factors are used 
to formulate a wastewater treatment solution. These unit processes can be classified as:
1. Preliminary and Primary -  Screening and sedimentation are used to remove floating and 
settleable solids. This leaves the wastewater more amenable to treatment and prevents 
damage to pumps and the blockage of pipework in later processes.
2. Secondary - Biological and chemical processes which remove most of the organic matter. 
They represent the main treatment processes and usually consist of activated sludge 
(AS) or trickling filters.
3. Tertiary or Advanced - This is employed to further decrease the levels of suspended 
solids, nitrogen and phosphorous in areas where consent levels are imposed.
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1.2 Biological Treatment of Wastewater
The biological processes used in the treatment of wastewater may be classified in a number 
of ways:
1. Suspended growth (e.g. activated sludge) or attached growth (e.g. trickling filters, rotating 
biological contactors or biological aerated filters)
2. Aerobic (in the presence of air), anaerobic (in the absence of air) or a combination of 
both. Anoxic systems are also employed. These are similar to anaerobic processes In 
that they do not utilise dissolved oxygen, but their biochemical pathways are modified 
forms of aerobic pathways.
Aerobic biological treatment processes are often used for treatment of organics in 
wastewaters as well as for the oxidation of ammoniacal nitrogen (nitrification). One of the 
earliest biological processes for treating wastewater, the activated sludge process, was 
devised in Manchester towards the beginning of the century (Arden and Lockett, 1914).
1.2.1 Activated Sludge
it is estimated that approximately 50% of the wastewater that is given aerobic biological 
treatment in the United Kingdom receives treatment in activated sludge plants. The activated 
sludge process is a method of treating biodegradable wastewaters by aerating and agitating 
the liquid in admixture with activated sludge, otherwise known as mixed liquor. The activated 
sludge is subsequently separated from the treated effluent by settlement.
Activated sludge (AS) is a continuous culture process where the active biomass comprises 
mostly of bacteria with the remainder being higher organisms such as rotifers and protozoa. 
It may be defined as “the flocculent microbial mass of bacteria, protozoa, and other micro­
organisms with a significant proportion of inert debris, produced when sewage is continuously 
aerated" (CIWEM, 1997).
Suspended and colloidal material is removed rapidly from the wastewater by adsorption and 
agglomeration onto the microbial floes. This material and the dissolved nutrients are then 
degraded more slowly by microbial metabolism, often called stabilisation. During this 
process, part of the nutrient material is oxidised to simple substances such as carbon dioxide, 
a process known as mineralisation, and part is converted into new microbial cell material, 
called assimilation. Some of the microbial mass is also broken down in the same way, a 
process known as endogenous respiration.
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To enable the processes to operate efficiently the proper biological, physical and oxygenation 
requirements have to be provided. The oxidative processes provide the energy required for 
the operation of the adsorption and assimilation processes. Oxygen must be supplied to the 
microbial fiocs at a rate that is sufficient to at least balance the rate of utilisation by the active 
biomass. This oxygen demand of the process represents the requirement for the aeration of 
the activated sludge process.
In the activated sludge process, the aeration system serves two primary functions; it supplies 
dissolved oxygen to satisfy the respiratory demands of the microbial population and maintains 
the mixed liquor suspended solids in an agitated state of suspension. This is achieved either 
using air diffusion or mechanical aeration. Mechanical aeration consists of agitating the 
wastewater mechanically so as to promote air from the atmosphere to become entrained in 
the bulk liquid phase thus allowing the dissolution of oxygen, whereas diffused aeration 
involves the introduction of air into the wastewater via submerged diffusers. This study is 
concerned with the performance of fine bubble diffused aeration.
A diffused aeration system consists of diffusers submerged in the wastewater, header pipes, 
air mains and the blowers and associated control systems through which air passes. Fine 
bubbie diffusers are manufactured in many different shapes and sizes and from a wide array 
of materials. Fine bubble diffusers are defined as those diffusers, which when new, produce 
bubbles of 2-5mm diameter in potable water (ERA, 1989). Fine bubble diffusers are 
constructed from either ceramic, porous plastic materials or more recently, from synthetic 
polymer membrane materials (Cote et al., 1988) and are manufactured in various forms, 
typically plates, tubes or domes. The performance of wastewater aeration equipment is 
determined to a large extent by the properties of the bubbles generated by the system with 
gas hold-up and mass transfer coefficients in particular, being strongly dependent upon the 
bubble size and characteristics.
The installed aeration device must do more than simply dissolve gas in water. It must create 
the environment that is optimum for bacteria to perform their intended processes. The 
aeration device is the essential mixer that performs ail of the basic mixing functions within the 
aeration tank. Mixing is required for several purposes and functions. A velocity must be 
induced in the tank that is sufficient to hold the solids in suspension and provide enough 
shearing force that the floe does not become overly dense. However, the mixing must also be 
gentle enough that the floe is not totally dispersed and the colonies created by the bacteria 
are maintained and allowed to function. Mixing must also serve to transport the bacteria and 
food into close proximity so that the necessary reactions can occur. It is essential that the 
mixing capacity is capable of maintaining the homogenous nature of the system. Even in 
plug-flow processes, vertical homogeneity is desirable. If the agitation is insufficient to keep 
the floes in suspension and well distributed throughout the mixed liquor, the reduced contact 
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time between microorganisms and nutrients will slow down the rate of nutrient removal. 
Some organisms may be starved of nutrients, and in the worst case, sludge may settle to the 
bottom of the aeration tank and form a layer of putrescent anaerobic silt. Similarly, adequate 
mixing is required to ensure that regions of the aeration tank are not depleted of dissolved 
oxygen and become anoxic.
One of the contributory factors for the overall efficiency of aeration systems is the rate at which 
oxygen is transferred into solution by the aeration device (porous diffusers, surface aerators, 
etc.). This has a direct effect upon the amount of energy consumed during the process and the 
subsequent costs incurred for treatment. The oxygen transfer efficiency of diffusers depends on 
many factors including the type, size and shape of the diffuser; the air flow rate; the depth of 
immersion; the tank geometry including the header and diffuser location; the amount of diffuser 
coverage; and the wastewater characteristics.
There often exists a difference in wastewater oxygenation capacity compared to that of 
potable water under the same conditions. This reduction is due to the presence of 
mechanisms that inhibit the oxygen transfer process. This inhibition of oxygen transfer within 
wastewaters is characterised by the alpha factor. There are a number of variables, be they 
physical, chemical or biological, that are believed to contribute towards the alpha factor. The 
remit of this research project is to undertake investigations in order to develop an 
understanding of how these complex interactions combine to cause the reduction in the 
performance of fine bubble diffusers in wastewater, and if possible, to find methods of 
mitigating these effects.
An increased knowledge of the variables that contribute towards the performance of fine 
bubbie diffusers will provide important information to the designers and operators of 
wastewater treatment plants, thus enabling improvements in the energy efficiency and 
effluent quality of such plants to be achieved.
In order to examine the contribution of different variables this thesis has been divided into 
three discrete sections that examine:
• the bubble formation process with respect to fine bubbie diffusers;
• the influence of physical variables on the oxygen transfer performance of fine bubble 
diffusers;
• the effect that the fouling of fine bubbie diffusers has upon performance.
The structure of the thesis is summarised in figure 1.
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Figure 1 EngD Structure
Implications for Practice
Introduction
study of plastic and ceramic 
diffuser materials and their 
interaction with wastewater. 
Attempting to link DWP to 
decrease in SOTE and 
increase 
requirements.
Diffuser Fouling
power
Study of the impact of diffuser 
material, depth, airflow rate and 
surfactants (i.e. reduction in surface 
tension) on oxygen transfer capacity 
of diffusers.
Oxygen Transfer
study of the importance of the diffuser 
material and the effects of surfactants 
upon the bubble formation process.
Bubble Formation
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1.3 Project Rationale
The European Directive on urban wastewater of May 21 1991 (Directive 91/271/EEC)
required by 31 December 2000, the connection of wastewater to a collection system for all 
communities of over 15,000 population equivalents (PE). This collected wastewater is 
required to undergo treatment within a wastewater treatment facility to a specified standard. 
The treatment processes are also required to provide improved effluent quality and greater 
reliability. Monitoring programmes will be utilised by regulatory bodies, such as the 
Environment Agency, in order to enforce these improved standards. After 2005, these 
conditions will apply to all communities of over 2,000 PE.
The application of the Directive to the member states of the European Union will require 
considerable investment over the next 10 years, assessed in 1996 at 63 billion Euro’s for 
Germany. 12 billion Euro’s for France and 7.2 billion Euro’s for England and Wales, in order 
to achieve the specifications of the Directive, hundreds of wastewater treatment plants will 
have to be constructed or upgraded throughout Europe.
The majority of wastewater treatment facilities are biological treatment plants, in which 
bacterial cultures degrade the organic matter of the wastewater to transform it into new 
bacteria, carbon dioxide, water and excess sludge that is periodically extracted from the 
reactor. In order for these biological systems to operate effectively, oxygen has to be 
provided to the aerobic bacteria via aeration systems.
The aeration system is a key component of the aerobic biological wastewater treatment plant 
for two main reasons:
* the quality of the wastewater treatment is directly linked to a sufficient input of oxygen;
• aeration accounts for 60-80% of the energy consumed within activated sludge 
plants(Stenstrom, 1998).
One of the contributory factors for the overall efficiency of aeration systems is the rate at 
which oxygen is transferred into solution by the aeration device (porous diffusers, surface 
aerators, etc.). This has a direct effect upon the amount of energy consumed during the 
process and the subsequent cost of treatment.
It is common practice within Europe and the USA for the aeration capacities of new aeration 
equipment to be specified as the oxygen transferred to clean water under standard conditions 
(ASCE, 1991). Due to the financial implications of an under-performing aeration system, it is 
usual for any new installation to undergo a series of commissioning tests in order to ensure 
contractual compliance. Due to such work being performed, there exists a considerable 
amount of information on the performance of a broad variety of aeration devices in clean
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water conditions. Unfortunately, once these systems enter operation in wastewater, there is 
little information regarding how their performance changes, although it is well documented 
that there often exists a discrepancy in the performance of aeration equipment within 
wastewater compared to that in clean water. This difference is characterised by the alpha 
factor. The alpha factor may be defined as the ratio between the performance of an aeration 
system, in terms of oxygen transfer, in wastewater, and Its performance under the same 
conditions within clean water.
There are a number of factors that are believed to contribute to the alpha factor. The purpose 
of this research is to undertake investigations that may elucidate the contributions that the 
factors may have and how they may interact to be detrimental to the performance of fine 
bubble diffused aeration equipment.
An increased knowledge of the causes and mechanisms of the impairment of the 
performance of fine bubble diffusers within wastewater may lead to process and equipment 
modifications that would enable improvements in the treatment efficiency of existing assets. 
This in turn may reduce or even remove the requirement for the investment in new treatment 
facilities, thus possibly providing considerable fiscal savings and preventing unnecessary 
environmental degradation.
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1.4 Research Aims
The research problem investigated within this thesis can be defined as one major objective, 
which is then divided into smaller, more targeted research problems.
1.4.1 Research Objective
The overall research objective may be defined as:
“The investigation of factors that infiuence the performance of fine bubble diffused 
aeration systems”
1.4.2 Research Problems
In order to achieve this objective the research has been divided in several key areas:
» Undertake a review of the current state of knowledge with regard to the inhibition of
oxygen transfer to wastewater and factors that influence the performance of fine bubble 
diffusers;
• What Is the contribution of the bubble formation process on oxygen transfer and how 
significant is it?
• How does the diffuser material and bulk phase liquid influence bubble formation?
• Why does the operational performance of diffusers change over time?
• What are the implications (financial, operational and environmental) of an under­
performing fine bubbie diffused aeration system?
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2. The Influence of Surfactants Upon Bubble Formation With 
Respect to Fine Bubble Diffusers
The Performance of Fine Bubble Diffusers 20
The Influence of Surfactants Upon Bubble Formation
2.1 Introduction
In wastewater treatment plants, submerged fine bubble diffused aeration is frequently 
employed in order to maximise the interfacial area for oxygen transfer to occur across from 
the dispersed gas phase into the bulk wastewater. Fine bubble diffusers are defined as those 
diffusers, which when new, produce bubbles of 2-5mm diameter in potable water (ERA, 
1989). Fine bubble diffusers are constructed from either ceramic, porous plastic, or more 
recently, from synthetic polymer membrane materials (Cote, 1988) and are manufactured in 
various forms, typically plates, tubes or domes. Ceramic diffusers are the most common type 
of diffuser in the UK. They are manufactured by a sintering process where grains of 
aluminium oxide are fused together with a clay matrix at high temperature forming a porous 
structure of interconnected pathways through which air is passed. When in operation the 
diffuser material and wastewater properties will interact to produce fine bubbles. Porous 
plastic diffusers have been manufactured from a variety of thermoplastic polymers including 
SAN (styrene-acrylonitrile) and HOPE (high-density polyethylene). The most common plastic 
used is HOPE and is produced as a dome, disc or tube diffuser. They are also manufactured 
by a sintering process where grains of HOPE of a specific size are heated under pressure in a 
mould resulting in a fused porous product that is both lightweight and robust. The 
performance of wastewater aeration equipment is determined to a large extent by the 
properties of the bubbles generated by the system, with gas hold-up and mass transfer 
coefficients in particular being strongly dependent upon the bubble size and characteristics.
It is reported that as well as determining the bubble size and distribution within the system, 
the bubble formation process is important as a significant proportion of mass transfer occurs 
during this phase (Clift et al., 1978). Motarjemi and Jameson (1978) studied the significance 
of bubble size and concluded that bubble size has a profound effect on the efficiency of 
oxygen utilisation in bubble aeration systems employed in wastewater treatment. The effect 
of bubble diameter on the bubble rise velocity shows a distinct difference in behaviour 
between small bubbles (< 2.5mm diameter) and bubbles of larger diameters. The velocity of 
rise is important because of two opposing effects. Firstly, the more slowly a bubble rises, the 
longer the time it will be in contact with the water of a specific depth before it reaches the 
surface. Secondly, the faster a bubble rises, the greater the turbulence of the liquid flowing 
round it will be, and thus the greater the renewal rate of the gas/liquid interface. The rising 
velocity of the bubbles is increased at high air flows due to the proximity of other bubbles and 
resulting disturbances of the bubble wakes (Barnhart, 1969). The liquid film mass transfer 
coefficient, ki, will also increase with increasing bubble size. This increase will approximately 
parallel the variation in terminal bubble velocity with bubble size.
Many investigators (Kumar and Kuloor, 1970; Davidson and Schuler, 1966; Davidson and 
Harrison, 1963) have attempted to model the formation of bubbles at an orifice by the use of a
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force balance approach. Geary and Rice (1991) described an idealised sequence of bubble 
formation for quiescent liquids (figure 2). The initial bubble formation takes place at the 
mouth of the orifice where a curved interface is formed, which is assumed to have a radius 
equal to the orifice (Pincezewski, 1981; Marmur and Rubin, 1976). The formed bubbie then 
grows until a force imbalance occurs, the buoyancy forces become dominant and act to lift the 
bubble away from the orifice. A narrow neck, or stem, is formed into which the gas continues 
to enter and the bubble continues to expand. The continually growing bubble rises vertically 
until the combined forces of buoyancy and the inertia of the gas finally overcome the resistant 
drag forces and the interfaciai tension, the neck breaks and bubble detachment occurs 
(Kawase and Ulbrecht, 1981). Semmens et aL, (1999) highlight that the above sequence of 
bubble formation is only an ‘Ideal’ model. In reality the bubbles are often formed in turbulent 
conditions which effect the actual formation. Shear forces produced by the water velocity can 
cause the bubble to detach earlier.
Expansion Stage Detachment Stage Condition of Detachment
I
Expansion Stage Detachment Stage Condition of Detachment
Figure 2 Bubble Formation Stages (Semmens et a/., 1999)
As can be deduced from the theoretical models of bubble formation, the size of air bubbles
released by diffused aeration devices is related to both the orifice diameter and the surface
tension. At low airflow rates the bubble volume is directly proportional to the orifice diameter
and surface tension, and inversely proportional to the liquid density. The bubble size
produced will result from a balance of the buoyant force separating the bubble from the orifice
and the shearing force necessary to break the surface tension across the orifice (Ippen and
Carver, 1954). Although the mean bubbie size produced by fine bubble diffusers is quoted
as being around 3mm, the actual bubble size formed is not only dependent upon the pore 
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size of the medium used for the diffuser (Ashley, 1990), but also on the ‘wettability’ of the 
material. The wettability refers to the interaction between the diffuser substrate and the bulk 
liquid surface tension. If a liquid makes contact with a solid surface, that surface Is said to be 
wetted. Wetting in its most general sense is the displacement from a surface of one fluid by 
another. The wettability of a material Is defined as the contact angle between a droplet of a 
particular liquid in thermal equilibrium on a horizontal surface of a material (Kinloch, 1990). 
The phenomenon of wetting or non-wetting of a solid by a liquid is better understood by 
studying the contact angle. In order to asses the ability of a given liquid to wet a particular 
solid, it is necessary to ascertain values of surface free energies of the liquid and substrate 
and the free energies at their interface and to also examine the kinetics of the wetting 
process.
In view of the complexity of the bubble formation process, the majority of models are only 
valid under restrictive conditions. Clift et al. (1978) states that models have the following 
assumptions and inherent limitations;
1. The assumption that bubbles remain spherical is reasonable for most systems where 
the Morton (M) number is low, but can produce significant error for large M systems;
2. Assumptions regarding the sequence of events, in particular for lift-off and 
detachment are often arbitrary. In some models, force balances are applied 
throughout, while in others they are applied only as a means of predicting the volume 
at the end of one stage in growth;
3. When surface tension forces and contact angles are included, they are invariably 
determined under static conditions, even though bubble formation is a dynamic 
process;
4. Terms such as the updraught due to the wake of the preceding bubble are generally 
ignored, but may be important.
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2.2 Background
2.2.1 Surface and Interfacial Tension
The term interface indicates a boundary between any two immiscible phases; the term 
surface denotes an interface where one phase is a gas, usually air (Brewis and Briggs, 1985). 
The molecules at the surface of a liquid have potential energies greater than those of similar 
molecules in the bulk liquid. This is because attractive interactions of molecules in the bulk of 
the liquid are greater than those with the widely separated molecules in the gas phase. 
Because the potential energies of molecules at the surface are greater than those in the bulk 
phase, an amount of work equal to this difference In potential energy must be expended in 
order to bring a molecule from the bulk phase to the surface. Therefore, the interfacial free 
energy, or surface tension, is the minimum amount of work required to bring sufficient 
molecules to the surface from the bulk phase to expand it by unit area. It may be defined as 
the minimum amount of work required to create a unit area of the interface or to expand it by 
a unit area (Rosen, 1989). Although more correctly thought of as a surface free energy per 
unit area, surface tension is often conceptualised as a force per unit length. This force acts at 
a right angle to the force required to pull apart the surface molecules in order to permit 
expansion of the surface by movement into it of molecules from the bulk phase underneath it 
(Rosen, 1989).
2.2.2 Theoretical considerations of Wetting
Wetting may be quantitatively defined by considering a drop of liquid resting on a solid 
surface as shown in figure 3. The drop of liquid forming an angle may be considered as 
resting in equilibrium by balancing the three forces involved. Namely, the interfacial tensions 
between the solid and liquid {SL), that between the solid and the vapour {SV) and that 
between the liquid and the vapour {LV). The angle within the liquid phase is known as the 
contact angle or wetting angle. It is the angle included between the tangent plane to the 
surface of the liquid and the tangent plane to the surface of the solid, at any point along their 
line of contact. The surface tension of the solid will favour spreading of the liquid, but this is 
opposed by the solid-liquid interfacial tension and the vector of the surface tension of the 
liquid in the plane of the solid surface.
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Vapour
Liquid
Soiid
Figure 3 A liquid drop resting at equilibrium on a solid surface (Kinloch, 1990)
When Û>0° the liquid is said to be non-spreading (Kinlock, 1990), but when ^=0° the liquid 
wets the solid completely and spontaneously spreads freely over the surface at a rate that 
depends upon such factors as the liquid viscosity and roughness of the solid surface.
In the bubble formation process, one fluid displaces another immiscible fluid along a solid 
interface and as such the process is termed dynamic wetting and a moving contact line (one 
whose position relative to the solid changes in time) occurs. These dynamic contact angles 
are referred to as advancing and receding angles. The dynamic contact angles may be 
measured at various speeds, but in general dynamic contact angles measured at low 
velocities should be equal to static angles. The difference between advancing and receding 
contact angles is termed the ‘contact angle hysteresis’. For surfaces that are not 
homogenous there will exist domains on the surface that present resistance to the motion of 
the contact line. An example of this Is when wetting with water occurs, hydrophobic domains 
will resist the motion of the contact line as the liquid advances thus increasing the contact 
angle. When the water recedes the hydrophilic domains will hold back the draining motion of 
the contact line thus decreasing the contact angle. It can therefore be seen that in the case of 
water, advancing angles will be sensitive to hydrophobic domains and hydrophilic domains on 
the surface will be characterised by the receding angles. Surface roughness can also 
generate hysteresis due to the microscopic variations of the slope in the surface topography 
which can create barriers that resist the motion of the contact line and thus alter the contact 
angle.
Kinloch (1990) cites many studies into the effects of surface topography and roughness upon 
the contact angle. In general, it has been found that for a smooth surface, if 6 is less than 
90°, then roughening the surface will result in 6 being even smaller. This will increase the 
surface free energy of the solid surface and consequently also increase the extent of the 
wetting. However, if for a smooth surface 6 is greater than 90°, roughening the surface will
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increase the contact angle 0 still further and therefore decrease the degree of wetting. 
Hitchcock et al. (1981) reported that increasing the roughness of the substrate may only 
increase the degree of wetting if the liquid exhibits a comparatively low contact angle or the 
surface texture is very rough, e.g. an abraded surface. He found that an empirical 
relationship existed, between the enthalpy of a liquid and the extent to which wetting 
behaviour was altered by substrate roughening. It should be noted that these observations 
relate to the micro-molecular structure of materials.
Both ceramic and plastic diffuser substrates may be classified as rough at a macro scale, and 
as such can be considered to be abraded surfaces thus, assuming a contact angle below 90°, 
both materials will undergo a reduction in their contact angle and a subsequent increase in 
wettability compared to a smooth sample. Microphotographs of both ceramic and plastic 
diffusers are presented in figures 4 and 5.
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10mm
Figure 4 Microphotograph of a Piastic Diffuser
Figure 5 Microphotograph of a Ceramic Diffuser 
2.2.3 Surface and interfaciai Free Energies
In an attempt to establish the critical surface tension of wetting, /c, Zisman and Fox (1950) 
made a distinction between low-energy and high-energy solid surfaces. Organic compounds, 
such as polymers, had surface free energies usually less than lOOmJ/m^ and were 
considered to be low-energy surfaces. Metals, metal oxides and ceramics typically had 
surface free energies greater than 500mJ/m^ and were classified as high-energy surfaces.
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2.2.4 Modification of Wetting by Surfactants
As water has a relatively high surface tension, 72mN/m, it does not spontaneously spread 
over solids that have surface free energies of less than 72mJ/m^. The addition of a surfactant 
to water, to modify the interfaciai tensions of the system, is therefore often necessary to 
enable water to wet the solid. However, the addition of a surfactant to water does not always 
increase its wetting power. Under certain conditions the addition of a surfactant to water may 
make the spreading more difficult. In cases where the substrate is porous and can be 
considered as a mass of capillaries, the pressure causing the movement of liquid into the 
capillaries because of the curvature of the liquid is given by
_ ^Tla cos6> _ 2(rsA - 7 sl)
r  r  Equation 1.0
where r  is the equivalent radius of the capillaries and 6  the contact angle at the air-liquid- 
substrate interface. When the contact angle Is more than 0°, AP depends only on the quantity 
(rsA-rsû> and any reduction only in yla as a result of the addition of a surfactant to the system 
(i.e. without any change in ysl) merely causes a corresponding increase in cos# with AP 
remaining unchanged. However, if Pis already 0°, then
AP = LA Equation 1.1
and any reduction of yla by the surfactant in the system decreases the tendency of the liquid 
to move into the capillaries of the substrate.
The addition of a surfactant to water may also decrease the wetting power if adsorption 
of the surfactant at the liquid-substrate interface occurs in such a manner that the 
surfactant molecules are orientated with their polar ends towards the substrate and 
their hydrophilic tails toward the water. Adsorption in this manner can occur with ionic 
or polar substrates when there is strong interaction between hydrophilic groups in the 
surfactant and the ionic or polar sites on the substrate. Such adsorption makes the 
surface of the substrate less polar. The resulting increase in the interfaciai tension 
between the substrate and the aqueous solution ysl results in a decrease of spreading 
coefficient. Cationic surfactants have been found to be adsorbed in this manner onto 
negatively charged solid surfaces, such as quartz and glass, rendering them more 
difficult to wet with aqueous solutions (Rosen, 1989). As ceramic diffusers often use 
silica-based materials in their construction, it is entirely feasible that this mechanism 
may well affect the wetting of such ceramic substrates.
The Performance of Fine Bubbie Diffusers 28
The Influence of Surfactants Upon Bubble Formation
For low energy (nonpolar) surfaces such as polyethylene, (Zisman, 1964) has demonstrated 
that complete wetting can only occur when the surface tension of the wetting liquid has been 
reduced to a critical value pt characteristic of the substrate (e.g. approx. 31 mN/m for 
polyethylene). This requirement that the surface tension of the wetting liquid be reduced by 
the surfactant to some critical value characteristic of the substrate is thus a necessary, but 
sufficient condition for complete wetting. A surfactant solution whose surface tension is 
above the critical tension for the substrate will not produce complete wetting, but a solution 
whose surface tension is beiow the critical surface tension for the substrate may, or may not 
produce complete wetting (Rosen, 1989).
For ionic solid surfaces, if an aqueous wetting liquid contains surfactant ions of charge 
opposite to that of the surface, they will generally be absorbed on the surface with their ionic 
hydrophilic heads orientated towards the substrate and their hydrophobic tails orientated to 
the aqueous phase. This absorption of oppositely charged surfactants will continue until the 
charge on the solid substrate has been neutralised. Once this has occurred, further 
absorption of surfactant ions will generally occur with their hydrophobic groups orientated 
toward the surface and their hydrophilic groups towards the aqueous phase. This will result in 
Ysl being reduced and wetting will improve as the bulk concentration of the surfactant 
increases.
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2.3 Surfactants
A surfactant (an abbreviation of the phrase ‘surface active agent’) is the name given to 
synthetic and natural molecules that, through accumulation and absorption onto the surfaces 
or interfaces of a system, alter to a marked degree the surface or interfaciai free energies of 
those surfaces (Rosen, 1988). Surfactants are found universally as important constituents on 
many industrial and domestic detergents and as such, most municipal wastewaters will 
contain sgnificant amounts of surfactants (Leu et a i, 1998). Wagner (1998) quotes typical 
surfactant concentrations in wastewater of between 1.1 -11.9 g/m^ depending upon the type 
of surfactant.
The accumulation of surfactants at an interface results in a change in the interfaciai free 
energies of that interface (Meijboom and Vogtlander, 1974). In other words, they have the 
ability to increase or decrease the amount of energy required to create the interfaciai area of 
a gas/liquid or liquid/solid interface. This characteristic of surfactants stems from the fact that 
they are amphiphilic and have two parts to their moiecular structure. One side is hydrophobic 
(little attraction to solvents) whilst the other is hydrophilic (has an attraction to solvents). It is 
the hydrophobic part of the surfactant structure that acts as the driving force for the 
aggregation of the molecules at the interface.
2.3.1 Types of Surfactants
Surfactants may be classified into four types depending upon the nature of the hydrophilic 
component of their moiecuiar structure:
Anionic ~ the surface-active portion of the molecule carries a negative charge. Examples 
include traditional soaps [-CO2-] and early synthetic detergents such as sulphonates [-SO3-] 
and the sulphates [-OSO3-] (Cessons, 1987).
Cationic -  the surface-active component of the molecule carries a positive charge. Due to the 
positive charge these surfactants have a strong attraction on negatively charged fibres such 
as cotton and hair. They are therefore commonly used as fabric and hair conditioners (Glint, 
1992).
Zwitteronics -  both positive and negative charges may be present in the surface-active 
component of the molecule. Used in toiletries and baby shampoos, these surfactants are 
used in the form of betaines [-N'"(CH3)2CH2C0 2 -] or sulphobetaines [-N"(CH3)CH2C0 2 -S0 3 -] 
(Clint, 1992).
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Non-Ionic -  the surface-active component of the molecule has no ionic charge. These are 
used in low temperature detergency and as emulsifiers. Examples include certain species of 
the alkyl and alcohol groups (Rosen, 1988).
2.3.2 Properties of Surfactants
2.3.2.1 Adsorption
The molecules at a surface have higher potential energies than those in the interior. This is 
because they interact more strongly with the molecules in the interior of the substance than 
they do with the widely dispersed gas molecules above it. Work is therefore required to bring 
a molecule from the interior to the surface.
Surfactants have a characteristic molecular structure consisting of a structural group that has 
very little attraction for the solvent, known as the lyophobic group, together with a group that 
has a strong attraction for the solvent, called the lyophilic group.
When a surfactant is dissolved in a solvent, the presence of the lyophobic group in the interior 
of the solvent may cause distortion of the solvent liquid structure, increasing the free energy 
of the system. In an aqueous solution of a surfactant this distortion of the water by the 
lyophobic (hydrophobic) group of the surfactant, and the resulting increase in the surface free 
energy of the system when it is dissolved, meaning that less work Is required to bring a 
surfactant molecule than for a water molecule to the surface. The surfactant therefore 
concentrates at the surface. Since less work is now needed to bring molecules to the 
surface, the presence of the surfactant decreases the work needed to create a unit area of 
surface (i.e. a reduction in surface tension). On the other hand, the presence of the lypophilic 
(hydrophilic) group prevents the surfactant from being expelled completely from the solvent as 
a separate phase, since that would require dehydration of the hydrophilic group. The 
amphipathic structure of the surfactant therefore causes not only concentration of the 
surfactant at the surface and the reduction of the surface tension of the system, but also 
orientation of the molecule at the surface with its hydrophilic group in the aqueous phase and 
its hydrophobic group orientated away from it.
The chemical structures of groupings suitable as the lyophobic and lyophilic portions of the 
surfactant molecule vary with the nature of the solvent and the conditions of use.
2.3 2.2 Micelle Formation
It has previously been mentioned that when they are dissolved in water, materials that contain 
a hydrophobic group distort the structure of the water and therefore increase the free energy 
of the system. They therefore concentrate at the surface, where, by orienting so that their 
hydrophobic groups are directed away from the solvent, the free energy of the solution is
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minimised. However, there is another means of minimising the free energy of in these 
systems. The distortion of the solvent structure can also be decreased (and the free energy 
of the solution reduced) by the aggregation of the surfactant molecules into clusters, known 
as micelles. Micelle formation is therefore the property that surfactants have of forming 
colloidal sized clusters in solution. Micelle formation occurs once the absorption of surfactant 
molecules on the interface has reached saturation and the surface tension becomes constant. 
Further addition of surfactant after this saturation point results in these molecules remaining in 
the bulk solution. These micelles have their hydrophobic groups directed towards the interior 
of the cluster and their hydrophilic components directed towards the solvent. The formation of 
micelles is therefore an alternative mechanism to absorption at the interfaces for removing 
hydrophilic groups from contact with the solvent, thereby reducing the free energy of the 
system.
The concentration at which micelles first form is known as the critical micelle concentration 
(CMC). At this concentration, all types of surfactant show breaks in almost every measurable 
physical property that is dependent upon the size or number of particles in solution in 
aqueous systems. Figure 6 shows changes in some of the physical properties in the vicinity 
of the CMC (Rosen, 1989).
2.3.3 The Effect of the Type of Surfactant on the Interface
Mancy and Okun (1960) list the following characteristics of surfactants that will determine the 
physio-chemical character of the interface, namely:
• The type of surfactant;
• The number of carbon atoms;
• Molecular configuration;
• Mode of adsorption and orientation;
• Compressibility and spreading of the film;
• Hydrogen bonding in the absorbed film between molecules or with water.
They also discussed the factors that effect the degree of surface saturation (CMC) of the 
surfactant, which is significant in the way the hydrodynamic character of the air-liquid 
interface is affected:
• Rate of diffusion of the surfactant to the interface;
• Rate of adsorption at the interface;
• Degree of agitation which brings material to the interface;
9 Presence of impurities.
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Figure 6 Changes in some physical properties of an aqueous solution of sodium 
dodecyl sulphate in the neighbourhood of the critical micelle concentration (Preston,1948)
2.3.4 Inhibition of Bubble Coalescence by Surfactants
Calderbank (1959) and Yoshida (1960) and have reported an inhibition in the rate of bubble 
coalescence in the presence of surfactants. The rate of bubble coalescence has a significant 
infiuence on the mass transfer processes as it directly affects the interfaciai area. Increased 
coalescence between bubbles will reduce the available surface area for transfer, hence 
reducing the rate at which mass transfer may occur.
Keitel and Onken (1982) proposed that the surface polarisation at the gas/liquid interfaces in 
the presence of surfactants could serve to inhibit the first step in bubble coalescence. This 
surface polarisation is caused by the orientation of the hydrophobic and hydrophilic 
components of the surfactant molecules forming the mono-layer at the interface. With the 
hydrophobic component facing into the gas phase and the hydrophilic part orientated towards 
the solvent, the liquid surface around the bubbles consequently becomes electrically charged. 
This effectively produces a repulsive force when two bubbles come into close proximity of one 
another, thus inhibiting coalescence. Ideally for strong inhibition of coalescence to occur, a 
surfactant molecule should consist of one hydrophobic part and one hydrophilic part and that 
the difference in the hydrophilic character between these two parts should be as large as
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possible. Zieminski et al. (1967) are in agreement with this theory and add that the 
hydrophilic character of the surfactant will increase the surface polarisation and hence 
restrain coalescence even further. They also reported on the impact of surfactants on bubbie 
size and interfaciai area within a bubble column, finding that an increase in interfaciai area 
and a corresponding decrease in the average bubble diameter resulted from higher 
concentrations of surfactants.
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2.4 Experimental Rationale
Ceramic diffusers have been the traditional method of achieving fine bubble diffused aeration 
for wastewater treatment. Over the last 20 years, high density poiyethene (HOPE) materials 
have been introduced as an alternative to ceramics, with the reported advantages of reduced 
weight and cost for the same performance. Traditionally, the performance of fine bubble 
diffusers has been measured in oxygen transfer capabilities in clean water conditions, and as 
such, there is very little difference between plastic and ceramic diffusers. Unfortunately 
diffusers do not operate in clean water, but in the aggressive environment that is a 
wastewater treatment plant. To date, very few studies have examined the impact of this 
hostile environment upon the operation of fine bubble diffusers, not only in terms of oxygen 
transfer, but also in the fundamental process of bubble formation. The performance of fine 
bubbie diffusers is known to deteriorate over time. This drop in performance has traditionally 
been associated with the fouling, be it organic or inorganic, of the diffuser over time (Kim and 
Boyle, 1993; Hung and Boyle, 1999).
It may also be hypothesised that this impairment of performance of fine bubbie diffuser could 
occur in two distinct stages. These are the previously mentioned fouling of the diffuser and a 
change in the behaviour of the diffuser in respect to the bubbie formation process. It is thus 
possible that the diffuser substrate may be modified by contaminants within wastewater in 
such a manner as to significantly alter the way in which they operate and this modification 
may well occur soon after the commencement of operation in a wastewater environment.
It was therefore proposed that the fundamental operation of diffusers, that of the generation of 
a cloud of fine bubbles, be studied in clean water and in conditions that represent operation 
within wastewater. In order to do this it was decided that the only feasible approach in terms 
of economics and available time was to undertake a series of visual observations of the 
formation process. Due to the opaque nature of wastewater, an alternative medium that 
would allow observations to be made was sought. It is widely reported that surfactants are 
present in municipal wastewater and that they have a negative influence upon the oxygen 
transfer to wastewater (Wagner, 1998; Leu eta!., 1998; Baars, 1955). As such, it was decided 
that a solution of clean water containing surfactant would be used to simulate the bubble 
formation process in wastewater. This approach has been used previously to simulate 
wastewater conditions (Boon, 1978; Leu, 1998).
The objectives of this work may therefore be stated as:
* To undertake visual observations of the bubbie formation process for ceramic and piastic 
diffusers in clean water and in the presence of surfactants;
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• To determine the impact of surfactants upon the bubble formation process and 
subsequent bubble rise.
• To establish if there Is a significant difference in the behaviour of plastic and ceramic 
diffusers in respect to the bubble formation process.
For the purpose of this work, formation was taken to be the point closest to the completion of 
bubble formation and bubble detachment that visual observations could be made at the 
diffuser.
Observations were undertaken at two different depths of immersion, formation and 0.4m 
above the diffuser, to determine if changes in bubble shape and behaviour occurred. Two 
depths of immersion were examined in order to confirm that any changes in bubble shape 
were a result of the changes in the variables under investigation, namely airflow rate, 
surfactant concentration and diffuser type, and not due to changes in hydrostatic pressure.
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2.5 Methodology
In order to determine the influence of surfactants upon the bubble formation process and their 
subsequent behaviour during bubble rise a test rig, illustrated in figure 7, was constructed.
This consisted of a 1.5m tall bench-scale rectangular bubble column constructed from 
transparent perspex with the internal dimensions of 0.151m by 0.153m. An interchangeable 
diffuser mounting at the bottom of the column was supplied with compressed air via a 
pressure regulator set to 0.7 bar. Flow measurement was provided via a Platon gapmeter 
rotameter with a scale of 0-2.5 l/min air. Figure 8 shows a diagram of the diffuser 
arrangement with dimensions.
Two types of diffusers were selected to study the impact of the diffuser material on the bubble 
formation process in the presence of surfactants. These diffusers were a ceramically bonded 
alumina and a high-density polyethylene (HOPE).
To enable a comparison between the bubble formation process in potable water and in the 
presence of surfactants to be made an industrial surfactant. Aerosol OT (Sodium Dioctyl 
Sulphosuccinate), was selected. This surfactant was chosen due to its commercial 
availability, its purity and analytical simplicity. The product data and safety information of 
Aerosol OT are contained in Appendix 2.
To allow the capture of images of bubble swarms, a Cannon EOS 600 SLR 35mm camera 
fitted with a Cannon 50mm macro lens was utilised. Kodak black and white 3000 ISO film 
was employed in order to obtain a high definition of the images.
In order to provide a scale against which bubble size could be determined the column was 
filled to the necessary level (0.4m or 1.4m above the diffuser) with potable water. A ruler with 
millimetre graduation was placed into the bubble column in the required plane and the 
camera, which was mounted on an adjustable tripod, focused against the graduation. This 
camera focus and settings was then kept constant for that particular evolution of experimental 
runs. The graduated scale was then removed from the column and the image capture 
process commenced.
The bubble column was illuminated from both sides and the rear of the column by fluorescent 
lighting. At the rear of the column the light was passed through a thin opaque plastic sheet in 
order to diffuse the light and provide even illumination throughout the column.
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0.153m
0.151m
Water level in 
bubble column
1.5m
1.2m
0.8m
0.4m
Gas velocity , 
control meter Interchangeable diffuser mounting
Camera
Positions
Figure 7 Diagram of the Bubble Column
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hi t A
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In f lo w  o f gas
Diffuser Dimensions
hj =  internal height between diffuser and diffuser mounting wall = 0.008m  
he = external height of diffuser mounting wall = 0.008m  
d| = internal diameter of diffuser mounting = 0.05m 
de = external diameter of diffuser mounting = 0.08m
Figure 8 Diagram of Interchangeable Diffuser Mounting
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2.6 Experimental Procedure
1. The bubble column was cleaned thoroughly using potable water from the Reading area. 
Care was taken to ensure that no detergents were used during this cleaning in order to 
prevent possible contamination of the apparatus.
2. The plastic diffuser was installed into the bottom of the bubble column and the column 
filled to the required depth of 0.4m above the diffuser with potable water.
3. The graduated scale was lowered into the bubble column and positioned directly above 
the centre of the diffuser. The camera was then focused onto this scale and an image 
taken to act as a reference for measurements to be taken against.
4. The pressure regulator was set to 0.7bar and the airflow level set to 0.1 l/min. The bubble 
pattern was allowed to become fully established by operating the diffuser for a minimum 
of 5 minutes.
5. Visual observations were then recorded using the SLR camera.
6. The airflow was then increased (to 0.5, 1.0, 1.5, 2.0 l/min) with further visual observations 
and recordings being made at each airflow. This process was repeated three times.
7. The airflow was discontinued and the graduated scale lowered into a position 0.35m 
above the centre of the diffuser. The camera was refocused and a reference image 
recorded. Steps 4, 5 and 6 were then repeated.
8. The depth of liquid above the diffuser was then increased to 1.4m and steps 3 to 7 
repeated.
9. The plastic diffuser was then replaced with the ceramic diffuser and steps 1 to 8 repeated. 
It was decided to perform the experimental work with the potable water with both diffusers 
prior to the addition of the surfactant in order to avoid cross-contamination of the system.
10. The potable water in the bubble column was then replaced with water containing 6mg/l of 
Aerosol OT and steps 1 to 8 repeated. After each change of liquid, a small sample was 
withdrawn from the bulk phase and the surfactant concentration checked in accordance 
with the procedure detailed in section 2.7.
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2.7 Determination of Surfactant Concentration
The surfactant concentration within the bubble column was determined indirectly by the 
measurement of the surface tension of a sample of the bulk phase liquid drawn from the 
column. The surface tension value was then compared against a calibration plot of surface 
tension against concentration of Aerosol OT (figure 9) to ensure that the value observed was 
below that observed for 6mg/l of Aerosol OT.
The level of 6 mg/l of Aerosol OT was decided upon as it is a typical concentration of 
surfactant found within municipal wastewater treatment plants and because it represents a 
level of surface active material that is sufficiently high enough to ensure that the critical 
micelle concentration (CMC) is exceeded. Above the CMC it is reported that the effects of 
surfactants upon the bubble behaviour and mass transfer become constant.
80
70
60
.2 40
y = -0.0798x  ^+ 1.6754x  ^- 11.591X + 69.719 
= 0.98062 30
Surfactant Concentration (mg/l)
Figure 9 Aerosol OT Calibration Plot
The surface tension was measured using a surface and interfacial tension balance (Model 
OS) supplied by White Elec. Inst. Co.Ltd. The balance was fitted with a platinum ring with a 
circumference of 4cm.
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2.8 Measurement of Bubble Size
Due to the enormous amount of data available a suitable technique for selecting a sample 
from the bubble population was required. Each bubble within a particular image was 
numbered from the top left through to the bottom right of the frame. Only bubbles that were 
sufficiently clear to enable measurement and free from interference from other adjacent 
bubbles were allocated a number. It was assumed that the every bubble had an equal 
chance of being either in the field of focus or to the front or rear of the field of focus. This 
assumption was made in order to account for the potential for bubbles to the front of the field 
of focus to appear larger and the converse to occur for bubbles to the rear of the field of 
focus.
From this bubble population, a sample of 25 was selected by the generation of a series of 
random numbers. This procedure was performed for two images of each experimental 
configuration. This provided a total sample size of 50 for each condition and was found to be 
sufficiently large that the confidence interval was not significantly affected. The bubbles 
relating to these randomly generated numbers were then measured along their major and 
minor axis using an electronic digital calliper with a resolution of 0.01mm. All of these 
measurements were then multiplied by the appropriate scaling factor that was determined 
from the image of the graduated scale recorded prior to each experimental run to arrive at the 
actual bubble sizes.
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2.9 Results
Run 
ID No.
Diffuser Airflow
Rate
(l/min)
Depth of 
Immersion 
(m)
Detergent Mean Standard Deviation
At Formation 
(mm)
At 0.35m 
(mm)
At Formation 
(mm)
At 0.35m 
(mm)
1 P 0.1 0.4 N 1.86 2.20 0.41 0.46
2 P 0.1 0.4 N 1.79 2.21 0.39 0.45
3 P 0.1 1.4 N 1.93 1.50 0.64 0.35
4 P 0.1 1.4 N 2.02 1.32 0.63 0.24
5 P 0.5 0.4 N 1.67 2.86 0.41 0.66
6 P 0.5 0.4 N 1.67 2.76 0.47 0.58
7 P 0.5 1.4 N 1.82 2.70 0.56 0.60
8 P 0.5 1.4 N 2.11 2.88 0.52 0.49
9 P 0.1 0.4 Y 1.71 1.74 0.38 0.20
10 P 0.1 0.4 Y 1.74 1.74 0.36 0.30
11 P 0.1 1.4 Y 1.56 1.97 0.43 0.39
12 P 0.1 1.4 Y 1.59 1.88 0.36 0.27
13 P 0.5 0.4 Y 1.68 1.96 0.30 0.46
14 P 0.5 0.4 Y 1.73 2.11 0.34 0.50
15 P 0.5 1.4 Y 1.65 2.17 0.32 0.35
16 P 0.5 1.4 Y 1.75 2.80 0.34 0.47
17 C 0.1 0.4 N 1.67 2.10 0.53 0.33
18 0 0.1 0.4 N 1.70 2.01 0.47 0.43
19 C 0.1 1.4 N 1.38 1.63 0.33 0.42
20 0 0.1 1.4 N 1.20 1.94 0.25 0.37
21 0 0.5 0.4 N 1.99 2.82 0.49 0.45
22 0 0.5 0.4 N 1.94 2.82 0.50 0.40
23 0 0.5 1.4 N 1.81 2.59 0.45 0.48
24 C 0.5 1.4 N 1.88 2.36 0.47 0.32
25 0 0.1 0.4 Y 1.19 1.31 0.14 0.32
26 0 0.1 0.4 Y 1.23 1.41 0.25 0.32
27 C 0.1 1.4 Y 1.24 1.50 0.27 0.35
28 C 0.1 1.4 Y 1.34 1.32 0.27 0.24
29 0 0.5 0.4 Y 1.42 1.49 0.32 0.27
30 C 0.5 0.4 Y 1.22 1.48 0.34 0.33
31 0 0.5 1.4 Y 1.34 1.53 0.12 0.34
32 0 0.5 1.4 Y 1.38 1.49 0.35 0.37
Where P = Plastic and C = Ceramic
Table 1 Major Axis
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Run 
ID No. Diffuser
Airflow
Rate
(l/min)
Depth of 
Immersion 
(m)
Detergent Mean Standard Deviation
At Formation 
(mm)
At 0.35m 
(mm)
At Formation 
(mm)
At 0.35m 
(mm)
1 P 0.1 0.4 N 1.64 1.45 0.19 0.20
2 P 0.1 0.4 N 1.79 1.37 0.39 0.15
3 P 0.1 1.4 N 1.72 1.42 0.31 0.32
4 P 0.1 1.4 N 1.75 1.28 0.27 0.26
5 P 0.5 0.4 N 1.64 1.69 0.35 0.33
6 P 0.5 0.4 N 1.52 1.74 0.33 0.31
7 P 0.5 1.4 N 1.64 1.78 0.36 0.43
8 P 0.5 1.4 N 1.81 1.82 0.35 0.36
9 P 0.1 0.4 Y 1.57 1.62 0.29 0.19
10 P 0.1 0.4 Y 1.59 1.58 0.30 0.26
11 P 0.1 1.4 Y 1.42 1.83 0.36 0.38
12 P 0.1 1.4 Y 1.44 1.77 0.25 0.26
13 P 0.5 0.4 Y 1.55 1.79 0.24 0.40
14 P 0.5 0.4 Y 1.60 1.92 0.27 0.41
15 P 0.5 1.4 Y 1.52 1.99 0.25 0.31
16 P 0.5 1.4 Y 1.57 1.90 0.24 0.40
17 C 0.1 0.4 N 1.40 1.48 0.33 0.24
18 C 0.1 0.4 N 1.52 1.51 0.35 0.28
19 C 0.1 1.4 N 1.21 1.20 0.27 0.16
20 C 0.1 1.4 N 1.06 1.27 0.20 0.19
21 C 0.5 0.4 N 1.68 1.87 0.37 0.37
22 C 0.5 0.4 N 1.58 1.86 0.29 0.32
23 C 0.5 1.4 N 1.52 1.73 0.32 0.28
24 C 0.5 1.4 N 1.46 1.62 0.28 0.18
25 C 0.1 0.4 Y 1.12 1.23 0.15 0.30
26 C 0.1 0.4 Y 1.19 1.31 0.25 0.30
27 C 0.1 1.4 Y 1.20 1.42 0.24 0.32
28 C 0.1 1.4 Y 1.28 1.28 0.26 0.26
29 C 0.5 0.4 Y 1.32 1.39 0.26 0.24
30 C 0.5 0.4 Y 1.14 1.39 0.29 0.30
31 c 0.5 1.4 Y 1.25 1.48 0.27 0.32
32 c 0.5 1.4 Y 1.27 1.42 0.29 0.35
Where P = Plastic and C = Ceramic
Table 2 Minor Axis
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Run 
ID No.
Diffuser Airflow
Rate
(l/min)
Depth of 
Immersion 
(m)
Detergent Mean Standard Deviation
At Formation 
(mm)
At 0.35m 
(mm)
At Formation 
(mm)
At 0.35m 
(mm)
1 P 0.1 0.4 N 0.91 0.67 0.14 0.09
2 P 0.1 0.4 N 0.90 0.64 0.11 0.12
3 P 0.1 1.4 N 0.93 0.95 0.15 0.04
4 P 0.1 1.4 N 0.89 0.97 0.11 0.06
5 P 0.5 0.4 N 0.99 0.61 0.10 0.13
6 P 0.5 0.4 N 0.93 0.64 0.13 0.12
7 P 0.5 1.4 N 0.93 0.67 0.12 0.14
8 P 0.5 1.4 N 0.87 0.64 0.11 0.10
9 P 0.1 0.4 Y 0.93 0.93 0.05 0.03
10 P 0.1 0.4 Y 0.92 0.91 0.06 0.04
11 P 0.1 1.4 Y 0.92 0.93 0.05 0.06
12 P 0.1 1.4 Y 0.92 0.95 0.08 0.07
13 P 0.5 0.4 Y 0.93 0.92 0.06 0.06
14 P 0.5 0.4 Y 0.93 0.92 0.06 0.05
15 P 0.5 1.4 Y 0.93 0.92 0.06 0.05
16 P 0.5 1.4 Y 0.90 0.91 0.06 0.05
17 C 0.1 0.4 N 0.86 0.71 0.10 0.08
18 C 0.1 0.4 N 0.90 0.76 0.06 0.09
19 C 0.1 1.4 N 0.88 0.76 0.05 0.13
20 C 0.1 1.4 N 0.89 0.67 0.04 0.08
21 C 0.5 0.4 N 0.85 0.66 0.08 0.08
22 C 0.5 0.4 N 0.83 0.66 0.09 0.09
23 C 0.5 1.4 N 0.86 0.68 0.08 0.10
24 C 0.5 1.4 N 0.79 0.69 0.09 0.10
25 C 0.1 0.4 Y 0.94 0.94 0.05 0.06
26 C 0.1 0.4 Y 0.97 0.93 0.06 0.05
27 C 0.1 1.4 Y 0.97 0.95 0.04 0.04
28 C 0.1 1.4 Y 0.96 0.97 0.03 0.06
29 C 0.5 0.4 Y 0.94 0.94 0.07 0,05
30 C 0.5 0.4 Y 0.94 0.94 0.09 0.04
31 C 0.5 1.4 Y 0.94 0.97 0.05 0.04
32 C 0.5 1.4 Y 0.93 0.95 0.05 0.04
Where P = Plastic and C = Ceramic
Table 3 Aspect Ratio
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2.9.1.1 Ceramic Diffusers
2.9.1.1.1 0.51/min Airflow
7 -«sÿ
Figure 10 Clean Water, 0.35m Above Diffuser Figure 11 Surfactant Added, 0.35m Above 
Diffuser
25 mm
Figure 12 Clean Water Bubble Formation 
Formation Figure 13 Surfactant Added Bubble
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2.9.1.2 Plastic Diffusers
2.9.1.2.1 0.51/min Airflow
............ '
Figure 14 Clean Water 0.35m Above Diffuser Figure 15 Surfactant Added, 0.35m 
Above Diffuser
-'25mm  ^  ^ 25mm
Figure 16 Clean Water, Bubble Formation Figure 17 Surfactant Added, 
Bubble Formation
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2.10 Statistical Analysis
2.10.1 Statistical Linear Model
The analysis of the data from the experiment is similar to that of a balanced factorial design 
with equal replication and provides a 2^  ^ factorial design. A possible statistical model of this 
design is:
Where:
^ jk l  -  + ^7  + % + Q  + ^ ijkl
A
di
Dj
cik
Q
are the overall means;
[/ = ceramic (c), plastic 0),] are the diffuser types,
[/ = 0.4,1.4] are the depth of immersion effects,
[k = 0.1, 0.5] are the airflow rate effects,
[/ = 0, 5] are the contaminant effects,
are the error terms associated with random variation.
For the above linear model to be valid, a number of assumptions have been made. These 
assumptions are:
» that the errors are Normally distributed with a mean of zero,
• that the error variance does not depend on the treatment involved, i.e. the error variance 
is homogeneous (c^),
» that successive random errors are uncorrelated.
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2.11 Analysis of Variance (ANOVA)
An example of the ANOVA table produced by the statistical analysis is given in table 4.
Source of Degrees of Sum of Mean F F
Variation Freedom Squares Squares Ratio Probability
Diffuser 1 0.00322 0.00322 1.34 0.264
Airflow 1 0.00385 0.00385 1.60 0.224
Depth of Immersion 1 0.00052 0.00052 0.22 0.648
Surfactant 1 0.01744 0.01744 7.26 0.016
Diffuser x Airflow 1 0.00279 0.00279 1.16 0.297
Diffuser x Depth of Immersion 1 0.00121 0.00121 0.50 0.488
Diffuser x Surfactant 1 0.00008 0.00008 0.03 0.856
Airflow X  Depth of Immersion 1 0.00004 0.00004 0.02 0.901
Airflow X  Surfactant 1 0.00394 0.00398 1.64 0.219
Depth of Immersion x Surfactant 1 0.00363 0.00363 1.51 0.237
Diffuser x Airflow x Depth of Immersion 1 0.00024 0.00024 0.10 0.758
Diffuser x Airflow x Surfactant 1 0.00810 0.00810 3.37 0.085
Diffuser x Depth of Immersion x Surfactant 1 0.00513 0.00513 2.13 0.163
Airflow X  Depth of immersion x Surfactant 1 0.00295 0.00294 1.23 0.285
Diffuser x Airflow x Depth of Immersion x Surfactant 1 0.00109 0.00109 0.45 0.510
Table 4 ANOVA - Minor Axis, Standard Deviation at Formation
2.11.1 T reatment Comparisons
The following treatment comparisons were undertaken:
• First order interactions (diffuser, airflow, depth of immersion, presence of surfactant) were 
tested for significance.
• Second order interactions (diffuser x airflow, diffuser x depth of immersion, diffuser x 
surfactant, airflow x depth of immersion, airflow x surfactant) were examined for 
significance.
• Third order and above interactions were assumed to be negligible and their sum of 
squares was used to provide the residual error.
Results are presented for interactions that demonstrated a significant difference. Those
interactions that were not found to be significant have been omitted for clarity.
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2.11.2 Major Axis - Mean Diameter
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2.11.3 Major Axis -  Standard Deviation
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2.11.4 Minor Axis -  Mean Diameter
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2.11.5 Minor Axis -  Standard Deviation
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2.11.6 Significant Interactions
2.11.7 Diffuser x Surfactant
2.11.7.1 Major Axis
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2.11.7.2 Minor Axis
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2.11.7.3 Aspect Ratio
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2.11.8 Diffuser x Airflow
2.11.8.1 Aspect Ratio
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2.12 Discussion
For the purpose of the discussion, each main factor will be reviewed in turn and reference will 
be made to the major and minor axis and the aspect ratio for each condition. Comment will 
also be made upon general visual observations taken from photographic records.
2.12.1 General Visual Observations
Visual observations are presented in figures 10 to 17.
2.12.1.1 Bubble Shape
In the clean water operating conditions for both plastic and ceramic diffusers the bubbles 
produced are of a near spherical shape just after formation that transforms to an ellipsoidal 
shape, with the major axis being elongated and the minor reduced after a period of bubble 
rise. These observations are supported by the aspect ratios determined for clean water 
conditions for plastic and ceramic diffusers (given in table 3) where the aspect ratio changes 
from approximately 0.95 at formation to approximately 0.65 at 0.35m above the diffuser. 
These observed shapes are in agreement with Clift et ai. (1978) who classified them as being 
ellipsoidal and described them as oblate with a convex interface around the entire surface. 
This aspect ratio does not appear to be significantly affected by the depth of Immersion of the 
diffuser, however it does demonstrate a small sensitivity to changes in airflow (see figure 36).
When surfactant is introduced to the bulk phase there are significant changes to the bubble 
shapes particularly after the bubble has formed and commenced its rise (figure 34, 35 and 
36). The aspect ratio at formation remains in the order of 0.95, but at 0.35m above the 
diffuser changes from approximately 0.65 in clean water conditions to approximately 0.95 in 
the presence of surfactants. Not only is there a significant change in the bubble shape but 
there is a change in variance of the aspect ratio as indicated by the reduction in standard 
deviation.
2.12.1.2 Bubble Interaction and Coalescence
It was observed that once formed, bubbles from the same orifice underwent bifurcation at 
approximately 1 0 - 1 5  bubble diameters above their point of origin. This is in agreement with 
the observations of Yoshida and Manasseh (1997). They reported that the bubbles appeared 
to have a slight curvature to their trajectory up to this critical height. At this point, axis- 
symmetrical oscillations are replaced by a complex, non-axis-symmetric distortion. 
Immediately after bifurcation occurs, bubbles enter into two spirals. Succeeding bubbles 
alternately enter one fork, then the other fork with perfect regularity. Yoshida and Manasseh 
(1997) postulate that the alternating nature of this bifurcation may be due to the wake of the 
preceding bubble. Once a bubble begins to move to one side the liquid in its wake is 
accelerated in that direction. Hence, the succeeding bubble is rising in a flow that Is 
accelerating sideways, and must move in the opposite direction of the acceleration. The
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critical height at which bifurcation occurs is reported by Yoshida and Manasseh (1997) as 
being velocity or shape related, and visual observations that this critical height decreased with 
increasing airflow, which is in agreement with this hypothesis.
As bubbles rose through the system, there was an increase in bubble volume between the 
two depths at which observations were undertaken. These increases in volume were 
attributed to expansion under the gas laws and were consistent with the change in the 
hydrostatic pressure acting upon the rising bubbles.
Both ceramic and plastic diffusers produced bubbles that once rising, progressively collided. 
During these collisions there appeared to be a period of attraction between the two gas/liquid 
interfaces. These collisions also caused interruptions in the bubble rise velocity and also had 
a considerable impact upon the direction of bubble motion. Although numerous collisions 
were observed, at no time did coalescence appear to happen, as bubbles that collided always 
parted after a period of contact. The absence of coalescence was confirmed by studying the 
increase In the bubble volume during rise through the system. The increases observed were 
consistent with expansion due to the gas laws with respect to the change in hydrostatic 
pressure within the system and not with the volume increases that would be observed if 
coalescence were to be occurring.
Following the addition of surfactants into the bulk phase liquid, these collisions between 
bubbles were still observed but there was a noticeable reduction in their frequency and 
magnitude, thus it can be stated that the presence of anionic surfactants inhibits bubble 
interaction and suppresses bubble coalescence. This observation is in agreement with 
Wagner and Poppel (1991) who reported that the degree of coalescence was hindered by the 
presence of surfactants. This suppression of coalescence may be attributed to the repulsive 
force caused when two bubbles come into contact due to the mono-layer of surfactant 
molecules on the surface as detailed by Keitel and On ken (1982).
With increasing gas velocity, there appeared to be a decrease in the turbulence within the 
bubble swarms in the presence of surfactants when compared to clean water conditions. This 
was indicated by a more linear, orderly movement of the bubbles. This observation is In 
agreement with Lynch and Sawyer (1954) who proposed that an increase in the surface 
viscosity along with a reduction in the size of the bubbles due to the presence of surfactants 
reduced the turbulence within the system.
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2.12.2 Main Effects
2.12.2.1 Diffuser
The influences of the type of diffuser, be it ceramic or plastic, are illustrated in figures 18, 21, 
24 and 27.
During bubble formation, the ceramic diffuser produced bubbles that are significantly smaller, 
at the 5% level, for the major (ceramic = 1.49mm compared to 1.77mm) and minor axis 
(ceramic = 1.32mm compared to 1.61mm) than the piastic diffuser. This trend is also 
observed after the bubble has been formed and undergone a period of rise to 0.35m above 
the diffuser. The ceramic diffuser also produced bubbles that are more uniform in size both 
for the major and minor axis. This is illustrated by the lower standard deviation for ceramics 
(SD = 0.24mm for a mean of 1.49mm) compared to the plastics (SD = 0.43mm for a mean of 
1.77mm)
It is only possible to hypothesise at the reasons for the differences in the mean bubble size 
from plastic and ceramic diffusers. It is most likely that the pore size of each diffuser is 
different which would lead to the effective orifice diameter being different. Many investigators 
(Hughes et ai., 1955; Davidson and Amick, 1956, Datta et ai., 1950) have reported that the 
orifice diameter strongly effects the bubble diameter throughout a range of gas flow rates. 
Hughes et ai. (1955) also observed that as well as the size of the orifice, its nature and 
thickness are also important with thicker orifices yielding smaller bubbles. Although the 
thickness of the diffuser may be measured, it is hypothesised that the true orifice thickness is 
the length of the tortuous path within the porous matrix that the gas travels through from the 
chamber below the diffuser to the site of bubble formation at the diffuser/water interface. 
Unfortunately no pore size data was available to verify this hypothesis due to diffuser 
manufacturers regarding this information as commercially sensitive, however, the 
microphotographs in figures 4 and 5, illustrate that substrate material is typically of the same 
magnitude with the orifices being highly irregular. Clift et ai. (1978) reported that for orifices of 
irregular geometry, the bubble formation process demonstrated highly complex behaviour.
It is known that the material characteristics of plastics and ceramics are very different 
particularly in relation to their surface chemistry; plastic being a low energy surface compared 
to the high energy surface of the ceramic. As a consequence of these different energy levels 
the bubble formation process may vary considerably between the two materials. The 
consequences of this are believed to be more significant when surfactants are present in the 
bulk liquid and will be discussed later.
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The aspect ratio appears to show little variation between different types of diffuser material 
Indicating that it Is a function of the liquid characteristics and system hydrodynamics and not 
of the diffuser material or orifice characteristics.
2.12.2.2 Depth of Immersion
The depth of Immersion of the diffuser was not found to be significant when evaluating It as a 
main factor. This observation is supported by many previous researchers (Datta et al. 1950; 
Davidson et al. 1956; Hughes et al. 1955) all of whom have reported that the depth of 
Immersion Is not a significant variable when studying the bubble formation process. Contrary 
to this argument, Padmavathy et al., (1965) found that when varying the depth of 
submergence from 0.66m to 1.63m the bubble volume changed by more than 2.5 times. This 
discrepancy Is believed to be due to the fact that earlier Investigations had employed either 
constant flow or constant pressure conditions, compared to Padmavathy et a/.(1965) who 
worked in an intermediate region. Kumar and Kuloor (1970) when reviewing these 
discrepancies deduced that the depth of submergence has no significant effect on the bubble 
volume under constant pressure or constant flow conditions, but Is significant In the 
Intermediate region. Due to the multiple orifices that constitute both plastic and ceramic 
diffusers and the large volume of the gas chamber supplying these orifices. It has been 
deduced that the current Investigations were undertaken under constant pressure conditions.
2.12.2.3 Airflow
The influences of airflow are illustrated In figures 19, 22, 25 and 28.
As the airflow was Increased from 0.1 l/mln to 0.5 I/m In there was a significant Increase In the 
mean bubble diameters of the major and minor axes. These Increases In mean bubble 
diameter were more prominent at 0.35m above the diffuser compared to at bubble formation. 
As the airflow was increased, the spreads of the bubble size distribution Increased. This was 
indicated by the Increase In standard deviation for both major and minor axes.
When there Is no surfactant present in the bulk liquid, the aspect ratio decreases, I.e. the 
bubbles become more oblate, with Increasing airflow. Upon the addition of surfactants, there 
Is no significant change in aspect ratio when varying the airflow. A possible explanation for 
this observation is given In section 2.13.3.2 (diffuser x airflow x surfactant discussion).
As a caveat, it is Important to state that the airflow rates studied In the bubble formation work 
were below the usual operating range encountered for fine bubble diffusers hence, a degree 
of caution should be exercised when scaling the results for airflow. It Is the opinion of the 
author that the findings will be valid for flow rates up to the onset of jetting at the orifice 
whereupon the changing hydrodynamic conditions will render the current observations Invalid.
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2.12.2.4 Surfactant
The influences of the presence of surfactants are shown in figures 20, 23, 26 and 29.
When surfactants are introduced to the system the mean bubble diameters at both the major 
and minor axis at formation and 0.35m above the diffuser undergo a significant reduction. 
The reason for this change in the bubble mean diameter Is due to the reduction that occurs in 
the surface tension of the bulk phase liquid, from 72mN/m In clean water to 47.5mN/m In the 
presence In excess of 6ppm Aerosol OT, a commercially available pure anionic surfactant.
The presence of surfactants at the alr/water interface has been shown to lead to a less mobile 
Interface. This ‘rigid’ Interface is less susceptible to deformation by forces such as localised 
eddy currents and bubble wakes which, in a clean system, would Induce bubble deformation. 
Lee et al. (1980) Investigated the hydrodynamic effects of surfactants on bubbles during 
oxygen transfer. They found that the surfactant film at the alr/water Interface resulted In a 
decrease in the velocity and magnitude of the liquid eddies due to the surface pressure 
exerted by the surfactants. The degree by which eddies were suppressed was found to be a 
function of the ability of the particular surfactant to recover its equilibrium surface tension 
immediately after the disruption by eddies approaching the Interface. Further to this, 
Meljboom and Vogtlander (1974) demonstrated that this recovery time Is proportional to the 
gradient of surface tension with respect to the surfactant concentration, and Inversely 
proportional to the accumulation coefficient of the surfactant. Hence, macromolecular 
surfactants will demonstrate a faster recovery time compared to surfactants of a much lower 
molecular weight.
2.12.3 Interactions
2.12.3.1 Diffuser x Surfactant
These interactions are presented in figures 30 to 35.
2.12.3.2 Major Axis
Both the plastic and ceramic mean bubble diameters are significantly reduced at bubble 
formation and 0.35m above the diffuser however, the ceramic diffuser undergoes a greater 
reduction. A 23.5% reduction for the ceramic compared to 9.9% for the plastic at formation 
and a 56.2% reduction for the ceramic compared t o l l  .2% for the plastic at 0.35m above the 
diffuser.
2.12.3.3 Minor Axis
At bubble formation both the plastic and ceramic diffusers show a significant reduction in the 
mean bubble diameter, however, the ceramic is affected by a greater degree (20.35% 
reduction for the ceramic compared to 5.5% reduction for the plastic). At 0.35m above the
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diffuser, the ceramic mean bubble diameter is reduced in the presence of surfactants by 
12.9%, however the plastic mean bubble diameter demonstrates an increase of 14.8%. The 
reasons for this increase are unclear, but may well be related to the significant change in the 
aspect ratio (from approximately 0.65 to 0.94). This more spherical, rigid bubble which Is 
observed in the presence of surfactants may be responsible for the observed Increases in the 
minor axis mean bubble diameter for the plastic diffuser.
2.12.3.4 General Comments
The significant reductions observed in the major and minor axis for both ceramic and plastic 
diffusers in the presence of surfactants are most likely attributable to the changes In the 
surface tension of the bulk phase and the way In which It Interacts with the diffuser substrates. 
Not only Is the surface tension at the alr/water interface altered, but the wetting characteristics 
of the diffuser substrates are believed to be modified by varying degrees. It has previously 
been mentioned (section 2.2.4) that for low energy surfaces such as polyethylene, complete 
wetting can only occur when the surface tension of the wetting liquid has been reduced to 
below the critical value for the substrate (Zlsman, 1964). This value is approximately 31mN/m 
for polyethylene. As the modified surface tension of the system in the presence of surfactants 
only reached 47.5mN/m in this experimental programme, it is fair to assume that the plastic 
diffuser, which was constructed from HOPE, did not become fully wetted. High energy 
surfaces, such as the ceramic diffuser, are known to have considerably higher critical surface 
tension values, and thus It may be surmised that, unlike the HOPE material, the ceramic 
diffuser did become fully wetted In the presence of surfactants.
As the bubble detachment diameter Is determined by the balance between the surface 
tension forces and the buoyancy forces acting upon the nascent bubble, any reduction In the 
surface tension at the interface will introduce a concurrent reduction in the buoyancy force 
required for bubble detachment to occur. Subsequently, bubble growth times will be reduced 
and overall bubble size diminished in systems with lowered surface tensions. Smaller 
bubbles will undoubtedly lead to lower bubble terminal rise velocities with a subsequent 
reduction In the shear forces acting upon the bubble which will reduce the surface renewal 
rate of the Interface. Smaller bubbles also provide an Increase in the surface area available 
for mass transfer to occur across (Barnhart, 1969; MoterjemI and Jameson, 1978).
2.12.3.5 Diffuser x Airflow x Surfactant
These interactions are presented in figures 36 and 37.
The only significant third order Interaction Is that of the aspect ratio between the diffuser, the 
airflow and the presence of surfactants.
At the point of bubble formation, the plastic diffuser does not display any significant difference 
In Its behaviour with or without the presence of surfactants. It Is believed that this behaviour
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can be attributed to the inability of the plastic diffuser to be fully wetted by the bulk liquid even 
in the presence of surfactants, resulting In the bubble formation process being modified to a 
lesser degree. The ceramic diffuser does however, demonstrate a significant change in the 
aspect ratio at bubble formation. This significant change, coupled with the large reductions In 
both major and minor mean bubble diameters, adds support to the hypothesis that with the 
addition of surfactants to the bulk phase the surface tension falls below the critical value for 
the ceramic material, thus, wetting the substrate completely and modifying the bubble 
formation process.
At 0.35m above the diffuser It can be seen that both diffusers demonstrate a significant 
change In their aspect ratios In the presence of surfactants. Also of note Is the behaviour of 
the diffusers with changing airflow. At low flow rates, both the plastic and ceramic diffusers 
have a more oblate aspect ratio than at high flow rates (typically 0.64 to 0.82). When 
surfactants are added to the system, all of the aspect ratios move towards unity and 
demonstrate similar values (approximately 0.94). This would Indicate that although the airflow 
rate Is a significant factor in determining the bubble aspect ratio In clean water conditions, 
once surfactants are present, airflow ceases to be of importance. Possible reasons for this 
change in significance could be due to the reduction In surface tension Impacting upon the 
bubble formation process and/or the bubble Interface being less mobile and hence less 
susceptible to deformation from eddies within the system.
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2.13 Conclusions
It is possible to draw the following conclusions;
• The bubble formation process Is a complex phenomenon that is dependent upon many 
variables. In the case of fine bubble diffusers, the presence of surfactants will 
significantly alter the conditions under which bubbles are generated.
« Surfactants have been found to have a significant Impact at the point of bubble formation.
They reduce the major and minor mean bubble diameters and also produce a more 
uniform bubble size.
• The presence of surfactants leads to smaller rigid bubbles that are significantly less 
susceptible to deformation during their rise through the bulk phase.
The generic type of diffuser, be It plastic or ceramic, will have a significant Impact upon 
the mean bubble diameter.
In the presence of surfactants, the generic type of diffuser will determine the Impact of the 
surfactant upon the bubble formation process. Ceramic diffusers are most adversely 
affected by the presence of anionic surfactants producing significantly smaller bubbles 
that are more uniform In shape and size.
The presence of surfactants reduces the frequency and magnitude of bubble Interactions 
and coalescence.
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2.14 Recommendations for Future Work
It is recommended that areas of further work that would be of benefit are:
• Further investigations into how surfactants impact upon the bubble formation process with 
respect to fine bubble diffusers should take Into consideration different types of 
surfactants (anionic, non-ionic and cationic) and also the effect of varying concentrations 
of surfactants.
® The use of image analysis software should be considered. Although a small data set was 
used to evaluate the suitability of image analysis software, it was found that due to lack of 
definition between a transparent bubble and the clear bulk phase of water it was not 
practical. If these problems of image capture and definition could be overcome, It would 
allow significantly larger data sets to be acquired and analysed with the potential to 
Investigate many other physical characteristics of bubble shape and size.
A detailed Investigation of the surface chemistry of various diffuser materials and the way 
In which these surfaces, and the porous structure of the diffuser, are modified by 
surfactants and other commonly occurring contaminants within wastewater would help to 
provide an insight Into the operational performance of fine bubble diffusers.
The Impact of higher gas flow rates may also be Investigated. Although this was 
attempted In the current programme, it was not possible to discern between discrete 
bubbles due to the density of the bubble swarms. The use of Image analysis software 
may facilitate such an Investigation In the future.
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3. The Oxygen Transfer Performance of Fine Bubble 
Diffusers
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3.1 Introduction
Oxygen transfer is the key to all aerobic biological processes. In a wastewater treatment 
plant, oxygen must be made available at the rate equivalent to the oxygen demand loading 
exerted by the influent entering the plant. The rate at which dissolved oxygen can be made 
available determines the rate at which the wastewater can be purified. However, Utilities 
have a responsibility to ensure that this oxygen demand is satisfied as economically as 
possible.
Thus, the objective of activated sludge treatment is to bring oxygen, wastewater and a 
suitable microbial population into simultaneous contact. In general terms, this means bringing 
the wastewater into contact with oxygen, transferring oxygen across the gas-liquid interface to 
dissolve in the liquid, and transferring the dissolved oxygen through the liquid to the micro­
organisms.
3.1.1 Aeration: General Theory
Due to the low solubility of oxygen and thus the low rate of oxygen transfer, sufficient oxygen 
to meet the requirements of aerobic wastewater treatment does not enter water through the 
normal surface air-water interfaces. To transfer the large quantities of oxygen that are 
needed, additional interfaces must be formed. This is done by either introducing air into the 
liquid in the form of bubbies (fine bubble diffused aeration), or by exposing the liquid in the 
form of droplets, to the atmosphere (surface or mechanical aeration).
In wastewater treatment plants, submerged fine bubble diffused aeration is most frequently 
used. Fine bubble diffusers are defined as those diffusers, which when new produce bubbles 
of 2-5 mm diameter in clean water (ERA, 1989). This study will be confined to fine bubble 
aeration.
3.1.1.1 Oxygen Transfer
The transfer of oxygen into the mixed liquor is a two stage process. The first step is the 
entrainment of minute bubbles in the mixed liquor, thus creating a large air-water interface. 
These bubbles are formed by the introduction of air via diffusers along the bottom of the 
aeration tank. The second step is the transfer of oxygen into the bulk liquid. The rate of 
transfer is governed by the solubility of oxygen In the wastewater, by the amount of oxygen 
already dissolved in the bulk liquid and the resistance to transfer that occurs at the gas/liquid 
interface (Lewis and Whitman, 1924).
In clean water for an unsteady state batch reaction, the rate of oxygen transfer per unit time, 
per unit voiume is given by:
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OTR = k , y { c ' - C , )
Equation 3.1
Where:
OTR Oxygen transfer rate gOg/m^.s
k i Liquid phase mass transfer coefficient m/s
A Total interfacial area m^
V Liquid Volume m'
C* = Dissolved oxygen saturation concentration gOa/m^
Q Bulk liquid dissolved oxygen concentration gOa/m^
The quotient A/V is the interfacial area per unit volume and is referred to as the specific area 
and is denoted by a, so that:
OTR = /C j r f l ( c * -C j r )
Equation 3.2
Where:
a = Interfacial area per unit volume of liquid m^/m^
In the case of activated sludge systems, oxygen is transferred from the gaseous phase to the 
liquid phase. There are many proposed theories by which this transfer may occur, the most 
commonly acknowledged of which is the two-film theory as proposed by Lewis and Whitman 
(1924). Although over simplistic in its mechanism and long since superseded by more 
realistic theories, such as penetration theory and film-penetration theory, the two-film theory is 
still widely used where mass transfer coefficients are the common rate Identifying parameter.
Two-film theory proposed the existence of a gas-liquid interface separating well-mixed 
gaseous and liquid phases. It was postulated that the interface between the two phases was 
overlain on both sides by films; a gas film on one side and a liquid film on the other. These 
films were considered to offer the major barrier to the passage of the transferring component, 
which had to be transported across them by molecular diffusion.
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Bulk Liquid
Gas Phase
Gas Fiim Liquid Film
Figure 38 Diagrammatic representation of the two-film theory of gas-liquid mass
transfer
In the bulk liquid (and in the gas phase also) turbulent mixing is considered sufficient to 
maintain a uniform concentration; Pq in the gas phase and Cl in the liquid phase. The 
concentration profiies occur only across the two films, with the driving force, in partial 
pressure terms for the diffusing component, being (Pq - PJ across the gas film and (Cj -  Cl) in 
concentration terms across the liquid film. At the interface, the lines representing these 
concentration gradients (figure 38) do not meet. This discontinuity indicates an equilibrium 
condition for the diffusing component between the two phases as expressed by Henry's Law;
where:
Pi
Q
H
Pi=HCi
partial pressure 
dissolved oxygen concentration at the interface g/m®
Henry’s Law constant relating the equilibrium concentration.
Equation 3.3
bar
At a steady state, the rate of transfer of the diffusing moiecules is the same through both 
films:
where:
Kg
h
P*
= mass flux of oxygen
= overall mass transfer coefficient based on the gas film 
= overall mass transfer coefficient based on the liquid fiim 
= bulk gas phase concentration
Equation 3.4
g/m^.s
m/s
m/s
g/m'
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For the dissolution of oxygen in water, it is generally accepted that the resistance of the liquid 
film to the passage of the molecules is very much greater than the corresponding resistance 
of the gas film; that is, Henry’s Law constant (H) is small, indicating low solubility of oxygen in 
water, and the liquid mass transfer coefficient, K i is the controlling factor in determining mass 
transfer rates within wastewater systems.
The principal objection to the two film theory is the assumption of steady-state transfer via 
regular surface renewal. Higbie (1935) proposed the penetration theory that Is based on the 
proposition that mass transfer occurs by the replacement of oxygen from the oxygen rich 
liquid interface to the bulk solution. When turbulence is increased the exposure time of the 
gas to the liquid Is decreased so the rate of transfer increases. It is assumed that all surface 
elements are exposed for the same time, the shorter the time of exposure, the greater the 
rate of mass transfer. Experiments have shown that although the two film theory is accurate 
in most cases, the penetration theory that Higbie proposed proves closer to reality (Winkler, 
1981).
Danckwerts (1951) Introduced the surface renewal theory that defines the liquid film 
coefficient:
~ L,
Equation 3.5
Where;
ki -  Liquid film mass transfer coefficient m/s
Dl = Molecular diffusion coefficient m^/s
r  = Surface renewal rate (average frequency that the liquid film is replaced by 
liquid from the bulk solution)
The key component to the surface renewal theory is the assumption of non-steady-state mass 
transfer. It proposes that each element of the surface would not be exposed for the same 
time, but a random distribution of ages would exist. Figure 39 illustrates, that for turbulent 
conditions eddies from the bulk liquid move to the gas /liquid interface and undergo short non­
steady state molecular diffusion and are then displaced from the surface by subsequent bulk 
liquid. While under laminar conditions, as shown In figure 39, a steady-state molecular 
diffusion occurs.
The age distribution is of an exponential form. Due to the practicalities of a real system, there 
will be a finite upper age limit to any surface element. The older age proportion will be very 
small. Thus the mass transfer rate is proportional to the concentration difference and the 
square root of the diffusivity.
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Figure 39 Mechanism of Oxygen Transfer
The molecular diffusion coefficient, D i is dependent on the presence of chemical compounds 
and the surface tension at the gas/liquid interface. The surface renewal rate, r  is affected by 
the shear forces within the system, and the interfacial viscosity. Under laminar (low shear) 
conditions the rate of oxygen transfer has been shown to be controlled by molecular diffusion 
(Mancy and Barlage, 1968). Under turbulent conditions (high shear), the rate of oxygen 
transfer has been shown to be controlled by surface renewal (Mancy and Barlage, 1968).
This dependency of oxygen transfer upon the shear forces within the system Is supported by 
Eckenfelder and Ford (1959) who showed that the degree of bulk mixing plays an important 
role in determining oxygen transfer. Under laminar conditions when the stagnant film theory 
dominates, the mass transfer is unaffected because the interfacial resistance governs the 
transfer rate. At highly turbulent conditions, the mass transfer increases since any 
contaminants present cannot establish an interfacial film for mass transfer resistance, 
allowing high surface renewal rates. This theory is supported by Pasveer (1955) who 
suggested that in order to attain a high dissolution of oxygen, not only should there be a 
boundary layer at the gas/liquid interface as small as possible, but the rapid renewal of that 
boundary layer was necessary.
Toor and Marchello (1958) proposed a mechanism that combines the key elements of 
Whitman’s and Higbie’s work. Film-penetration theory proposes that the whole resistance to
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transfer lies within a laminar film at the interface, as in two-film theory, but the mass transfer is 
regarded as an unsteady-state process. Fresh surfaces are formed at intervals from fluid that 
is brought from the bulk phase to the interface by eddy currents. Mass transfer then takes 
place as in penetration theory, with the exception that the resistance is confined to the finite 
film, and material which traverses the film is immediately completely mixed with the bulk 
phase.
The important point to derive from the various theories proposed for the mechanisms of 
oxygen transfer is that equation 3.1 can always be applied. The mass transfer coefficient, K i . 
being a function of the fluid turbulence and physio-chemical factors which influence the 
diffusivity of oxygen in the liquid, as well as the surface renewal rate or film thickness 
(Eckenfelder et al, 1956).
3.1.2 Mass Transfer Coefficient and Governing Factors
From equation 3.2 it can be seen that the rate of oxygen transfer {OTR) is the product of the 
dissolved oxygen (DO) deficit (C*-Q). often referred to as the driving force, the mass transfer 
coefficient (ki), and the specific Interfacial area {a) across which transfer occurs.
For a diffused air system where the gas is dispersed in a liquid In the form of bubbles, the 
interfacial area available for gas/liquid contact is the total surface area of the bubbles. For a 
specified volume of gas, the interfacial area increases as the number of bubbles into which it 
is dispersed increases and the average size of the bubble decreases. As the bubble size 
directly affects the specific interfacial area V ,  which alone is hard to determine accurately, it 
is difficult to distinguish between the individual effects of "ki and V  on the oxygen transfer 
rate. Conditions producing changes in interfacial area also Induce changes in the mass 
transfer coefficient, ki. For example, changes in the bubble size distribution which, as well as 
impacting upon the specific interfacial area, will effect the mixing energy within the system, 
which in turn Impacts upon the mass transfer coefficient, ki.
It is often convenient to use the product as a whole (Kia) as a single parameter and Is 
referred to as the volumetric mass transfer product and has units of reciprocal time (s'^). The 
product provides a valuable guide to oxygenation capacity that is independent of the existing 
concentration of dissolved oxygen In the system and as a parameter, it is more easily 
determined than “Kl or V  individually, particularly in operational systems.
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3.1.3 Factors Effecting the Mass Transfer Coefficient, kt
The available surface area for mass transfer to occur across in bubble aeration systems is 
determined by the rate at which the gas enters the liquid, the length of time the gas remains in
contact with the liquid and the size of the bubbles Into which the gas is dispersed. As the
shape and size of the entrained bubbles are of prime importance when determining the 
interfacial area available for mass transfer to occur across, factors that affect the bubble 
behaviour are also of considerable importance.
The mass transfer process may be considered as occurring in three separate areas for 
bubble aeration (Bewtra and Nicholas, 1964):
1. kl at the bubble formation;
2. kl during bubble rise;
3. kl as the bubble ruptures at the liquid surface.
These will be discussed individually.
3.1.3.1 Mass Transfer Coefficient, Kl, During Bubble Formation
In diffused aeration, air bubbles are formed at an orifice. Several authors (Kountz and 
Vlllforth, 1954; Mancy and Okun,1960; Clift et al., 1978) have reported that mass transfer 
during the formation of bubbles at the orifice is significant, accounting for up to 20-25 percent 
of the total mass transfer for typical depths encountered in aeration systems (4-6m 
Immersion). This degree of oxygen transfer Is due to the rapidly forming interface which is 
continually replenished as water with a low dissolved oxygen concentration is exposed to an 
expanding gas bubble under pressure (Ippen and Carver, 1954). The effect of different 
variables on the formation of bubbles at the tip of an orifice has been the subject of many 
investigations, however, this work has tended to focus on regular uniform orifices rather than 
the multiple, random type of orifices that are generated from the granulated matrix that 
represents typical fine bubble diffusers and thus may not be applicable, however, general 
observations and comparisons may be drawn.
Spells and BakowskI (1950) investigated the effect of the volume of the gas chamber below 
the orifice of the sparger. Along with Hughes et al. (1955) they found that for a small gas 
chamber at low flow rates, the bubble volume is virtually independent of the chamber volume, 
but the chamber volume was closely related to the pressure differential across the orifice. 
Thus, when the pressure drop across the orifice is large and the variations in pressure that 
occur during bubble formation are small, the gas flow rate does not change, and the bubbles 
can be said to be formed under constant flow conditions.
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The magnitude of the contribution of this mass transfer during bubble formation is dependent 
upon several parameters be they physical, chemical or biological, but for a fine bubble 
diffuser where numerous small bubbles exit from individual orifices will be relatively large.
3.1.3.2 Mass Transfer Coefficient, Icl, During Bubbie Rise
As the bubble is released from the diffuser and commences its rise through the bulk liquid the 
mass transfer coefficient will be affected by several factors including bubble velocity, oxygen 
diffusivity, viscosity, temperature, and liquid turbulence, all of which are inter-linked.
3.1.3.2.1 Bubble Characterisation
The velocity and shape characteristics of air bubbles in water can be related to a modified 
Reynolds Number, Re. At Re less than approximately 300, the bubbles are spherical and act 
as rigid spheres. The bubble rise is rectilinear or helical. Over a Re range of 300 -  4000 the 
bubbles assume an ellipsoidal shape and rise with a rectilinear, rocking motion (figure 39a). 
At Re greater than 4000 the bubbles form spherical caps (Eckenfelder, 1959; Barnhart, 1969).
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Figure 39a Shape regimes for bubbies and drops in unhindered motion through liquids
(Clift ef a/., 1978)
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3.1.3.2.2 Bubble Motion
The motion of bubbles as they pass through water was studied by Yoshida and Manasseh 
(1997). Bubbles, 4.3 +0.2mm in diameter, were seen to follow a repeatable trajectory up to a 
critical height of about 10 bubble diameters above the orifice. This trajectory appeared to 
have a slight curvature. At the critical height, axisymmetric oscillations are replaced by a 
complex, non-axisymmetric surface distortion. Immediately afterwards, the bubbles bifurcate 
into two spirals at the critical height. Succeeding bubbles alternately enter one fork, then the 
other fork, with perfect regularity. Yoshida and Manasseh (1997) postulate that the 
alternating nature of the bifurcation may be due to the wake of the preceding bubble. Once a 
bubble begins to move to one side, the liquid in its wake is accelerated in that direction. 
Hence, the succeeding bubble is rising in a flow that is accelerating sideways, and must move 
in the opposite direction of the acceleration. The critical height at which the bifurcation occurs 
is believed to be velocity or shape related (Yoshida and Manasseh, 1997).
3.1.3.2.3 Bubble Rise Velocity
The velocity of rise is important because of two opposing effects. Firstly, the more slowly a 
bubble rises, the longer the time it will be in contact with the water of a specific depth before it 
reaches the surface. Secondly, the faster a bubble rises, the greater the turbulence of the 
liquid flowing round it will be, and thus the greater the renewal rate of the gas/liquid interface. 
The rising velocity of the bubbles is increased at high air flows due to the proximity of other 
bubbles and resulting disturbances of the bubble wakes (Barnhart, 1969).
3.1.3.2.4 Bubble Size
The significance of bubble size was studied by Motarjemi and Jameson (1978). They 
concluded that bubble size has a profound effect on the efficiency of oxygen utilisation in 
bubble aeration systems employed in wastewater treatment. The effect of bubble diameter 
on the bubble rise velocity shows a distinct difference in behaviour between small bubbles (< 
2.5mm diameter) and bubbles of larger diameters.
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Figure 40 Terminal rising velocities of bubbles in tap water {U^ cm/s) against equivalent 
spherical bubble diameter (de mm),(Motarjemi and Jameson, 1978)
Figure 40 shows the bubble rise velocity, U ,^ increasing evenly with increasing bubble 
diameter to a peak vaiue for bubbles of diameter 2-2.5mm. The rise velocity then decreases 
to a local minimum for diameters of around 5mm and then increases slightly thereafter.
The size of air bubbles released by diffused aeration devices is related to both the orifice 
diameter and the surface tension, and is inversely proportional to airflow. At low airflow rates 
the bubble volume is directly proportional to the orifice diameter and surface tension and 
inversely proportional to the liquid density. The bubble size produced will result from a 
balance of the buoyant force separating the bubble from the orifice and the shearing force 
necessary to break the surface tension across the orifice (Ippen and Carver, 1955). At high 
air flow rates the bubble diameter, 4  increases as a function of the gas flow rate, Gg.
Over the range of air rates normally encountered in aeration practice the mean diameter of 
bubbie produced is an exponential function of the gas flow rate:
dyCcGg
Pasveer (1955) showed the exponent n to vary from 0.10 to 0.44.
Equation 3.6
The liquid film mass transfer coefficient, h , will increase with increasing bubble size. This 
Increase will approximately parallel the variation in terminal bubble velocity with bubble size.
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From the previous values and the typical characteristics encountered within wastewaters, the 
bubble shape may be classified as “eliipsoidai" (Clift et al., 1978) and can be said to be oblate 
with a convex interface around the entire surface. The shape of the bubbles varies 
considerably, with for and aft symmetry rarely displayed. The motion of such ellipsoidal 
bubbles has been observed to undergo periodic oscillations or a random wobbling motion 
whilst rising through the bulk phase (Clift et a l, 1978). In practice the bubble volume will vary 
with its depth below the liquid surface due to the change in hydrostatic pressure, and as 
oxygen is transferred from the bubbie to the liquid. The bubble volume will then affect the 
velocity of rise, the mass transfer coefficient and the excess internal pressure due to surface 
tension.
3.1.3.2.5 Oxygen Solubility
The solubility of oxygen in wastewater will affect the mass transfer rate. As oxygen is only 
slightly soluble In water, no large driving force can ever develop within the system. Any 
changes in solubility will therefore alter the driving force of mass transfer, (C* - Q,) and
because of this, the decrease in oxygen solubility has been reported as being the dominant 
factor affecting the final mass transfer rate (Vardar-Sukan, 1985).
Oxygen solubility is itself, affected by several variables. As the temperature increases the 
solubility of oxygen decreases and the diffusivity coefficient increases. Oxygen solubility is 
also directly proportional to the partial pressure of oxygen In the gaseous phase which for fine 
bubble diffused air systems is the concentration of oxygen within air. Vardar-Sukan (1985) 
also reported that solubility, as well as the diffusion coefficient, varies with ionic strength and 
with the concentration of solutes which also changes the solution viscosity.
The p factor (as defined in equation 3.7) is used to correct clean and wastewater oxygen 
transfer rates for differences in oxygen solubility due to the presence of dissolved salts.
CP  _  WasteWater
c CleanWater
Equation 3.7
Where:
C* = Average dissolved oxygen saturation concentration (g/m^)
Values of p vary from 0.7 to 0.98. A value of 0.95 is commonly used for wastewater (Metcalf 
and Eddy, 1991).
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Quicker (1981) examined the solubility of oxygen in different fermentation media. He found 
that not only the components of the media but also the fermentation products would affect 
solubility. This may be of particular importance when considering the effects of biological 
variables and their contribution to the overall alpha value.
3.1.3.2.6 Effects of Bulk Liquid Concentration
In principle, the rate of oxygen transfer {OTR) can be increased by reducing the bulk liquid |
dissolved oxygen concentration, Q „ due to the resultant increase in the concentration driving |
force (C*-Ci). Unfortunately, there are practical limitations on the extent to which this effect
can be utilised. The growth of aerobic micro-organisms is seriously impaired at very low
levels of dissolved oxygen, so that the gain in oxygen transfer rate is nullified by the loss in
microbial activity. The level at which growth is Impaired depends upon the Individual type of
micro-organisms and the temperature. For heterotrophic bacteria, the critical level is in the
range 0.1 to 0.7mg/i but for the more sensitive autotrophic nitrifying bacteria a decrease in
their activity is detected when the concentration falls below about 1.5mg/l (CIWEM, 1997). In
addition, at very low dissolved oxygen levels, anoxic utilisation of nitrate occurs.
For maintenance of completely aerobic conditions, the working level of dissolved oxygen 
concentration should be around 2mg/l (CIWEM, 1997).
3.1.3.2.7 Viscosity
The majority of research into the effects of viscosity on the oxygen transfer characteristics of 
fluids has been carried out in the field of fermentation. It has been found that there is a rapid 
decrease in the oxygen transfer rate (OTR) with increasing viscosity in the fermentation of 
Pénicillium (Diendoerfer and Gaden, 1955). This decrease in the OTR was consistent with the 
concept of a liquid-film controlled mass transfer operation in which the level of liquid 
turbulence determines the film thickness. As the level of turbulence is a function of the 
viscosity for a given power input, it may be concluded that the liquid film thickness is 
ultimately affected by the bulk phase viscosity.
Although it is not expected for activated sludge systems to develop viscosities as high as 
encountered in the fermentation of Pencillium, the two systems do have similar suspended 
solids concentrations, and thus may be expected to demonstrate similar effects upon cellular 
oxygen uptake rate (OUR). The production of extra-celluiar polymers are also reported to 
contribute to changes in the bulk phase viscosity (Burde and Steinmetz, 1993)
The importance of viscosity In oxygen transfer is discussed by Eckenfelder and O’Connor 
(1964) who stated that a high mass of suspended solids reduced the oxygen transfer rate 
(OTR) by increasing viscosity. Theoretically, the addition of suspended solids to the aqueous
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phase will increase the liquid viscosity, and as a result, the oxygen diffusivity coefficient will 
decrease.
3.1.3.2.8 Temperature
Changes in temperature will affect the rate of oxygen transfer and the utilisation of oxygen 
both physically and bio-chemically. As discussed previously, the solubility of oxygen 
decreases with increasing temperature. Landine (1971) reviewed a number of correlation’s 
that have been determined from experimental data to describe the solubility of oxygen in 
water and found that the correlation proposed by Montgomery et al. (1964) was found to give 
the best agreement:
^  * 468 ->
Equation 3.8
This correlation is valid for pure water at T°C in equilibrium with air saturated with water
vapour at 1.013 bar, with Tin the range 0 - 50°C.
As the temperature increases, the oxygen transfer rate {OTR) should increase. This is due to 
the combined effects of the mass transfer product {Kia) increasing due to the decrease in 
viscosity, whilst at the same time, diffusivity increases. However, the OTR will not change to 
the same degree as the changes in aforementioned physical variables (viscosity and 
diffusivity) might indicate. The rate of oxygenation is a product of K ia  fC*-Q, and thus, as the 
temperature rises the equilibrium-dissolved oxygen concentration (C*) falls. Therefore, the 
product of the two terms, K ia  and (C*-C), will increase less than K ia  alone.
The effect of temperature on the cellular oxygen uptake rate {OUR) is similar to its effect on
any other chemical or biochemical reaction. In general, biochemical reaction rates 
approximately double for every 10°C rise in temperature. This doubling of the reaction rate 
for a 10°C temperature rise is contrasted to changes in the mass transport rate that may only 
show only a 20% increase for a 10°C temperature rise.
3.1.3.2.9 Suspended Solids
The effects of suspended solids on the bulk hydrodynamics of the aqueous phase are 
dependent upon:
1. the viscosity of the fiuid medium;
2. the concentration of the suspended matter;
3. the size and shape of the suspended matter;
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4. the forces of interaction between the particles, i.e. the state of stability or flocculation 
of the suspension.
The effect of suspended solids upon the oxygen transfer characteristics of a wastewater is 
largely dependent upon the nature of solids themselves. Casey and Karmo (1974) found that 
non-flocculent solids have a negligable influence on the rate of oxygen transfer. They 
concluded that as these would have a direct effect upon the density and viscosity of the liquid, 
it may be said that these are not of major importance In the oxygen transfer context.
This dismissal of the importance of viscosity in oxygen transfer is countered by Eckenfelder 
and O’Connor (1964) who stated that a high mass of suspended solids reduced the oxygen 
transfer rate by increasing viscosity. Theoretically, the addition of suspended solids to the 
aqueous phase will increase the liquid viscosity, and as a result, the oxygen diffusivity 
coefficient will decrease. The presence of suspended solids will also tend to dissipate the 
kinetic energy of the liquid eddies. This reduction in effective turbulence will result in a lower 
frequency of surface renewal and lower values of liquid velocity. This will in turn result in a 
thicker boundary layer and corresponding larger values of diffusion time.
The argument put forward by Eckenfelder and O’Connor (1964) is supported by 
Sundararanjan and Lu-Kwang (1995) who have reported that non-respiring solids retard 
oxygen transfer due to the lower oxygen permeability in the solids layer accumulated near the 
bubble surfaces. The effects of the thicker boundary layer and thus the effects on the rate of 
oxygen transfer, may be reduced by the introduction of agitation, which tends to decrease the 
thickness of the boundary layer.
3.1.4 at Surface Rupture
The final phase in oxygen transfer occurs during the rupture of the bubble at the liquid 
surface. The water surface will be continually renewed by the air bubbies bursting as they 
rise to the surface and shed an oxygen saturated film into the surface layers. Velocity 
gradients will also be induced at the surface through fluid turbulence generated by the rising 
bubbles resulting in additional aeration. However, for typical depths encountered in aeration 
lanes, the amount of transfer at the surface is found to be low (Eckenfelder, 1959; Mckeown 
and Okun, 1960).
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3.1.5 Factors Affecting Oxygen Transfer
The overall oxygen mass transfer rate as shown in equation 3.1 cannot be used to predict the 
oxygen transfer under process conditions. The effects of the constituents within the 
wastewater will often inhibit oxygen transfer giving a iower mass transfer product (Kia). This 
inhibition is characterised by the alpha factor. This factor is defined as:
K  — ^^ L^Wastewater 
l^L^Clean Water
Equation 3.9
The alpha factor is reported to vary according to a number of parameters, including degree of 
treatment, wastewater constituents, turbulence and method of aeration(Stenstrom and 
Gilbert, 1981; Tewari and Bewtra, 1982).
3.1.5.1 Influence of Surfactants on Oxygen Transfer
A surface active material or surfactant is a chemical compound that when dissolved in water 
or another solvent, absorbs onto the interface or surface between the liquid and a solid, a 
liquid, or a gaseous surface and modifies the properties of the interface or surface. The 
modification is an alteration of the surface or interfacial free energies of the surface or 
interface (Meljboom and Vogtlander, 1974).
Wagner (1998) discusses the constituent surfactants that are typically found in domestic 
wastewaters. Wagner states that in Germany 46% of all surfactants are of the nonionic type, 
the remainder being anionic (43%), cationic (9%) and amphoteric (2%). Typical 
concentrations of surfactants entering wastewater plants In Germany are between 11.9 -6.6 
g/m^ of anionic surfactants and between 3.1-1.1 g/m^ of nonionic surfactants. The 
concentrations of other types of surfactants are considered to be too low to be of importance 
to oxygen transfer (Wagner, 1998).
Surfactants have been reported to increase, decrease or have no effect upon oxygen transfer 
rates. In some instances, the presence of surfactants may reduce the oxygen transfer rate by 
as much as 80% (Lynch and Sawyer, 1960). In other cases, it has been reported that the 
oxygen transfer rate is enhanced by the presence of surfactants (Bischof, 1993). It may be 
said that their effects are dependent upon a complex Interaction of many variables.
The effects of surfactants on aeration systems were first reported by Ribbius and Kessener
(1934) and have subsequently been studied by numerous investigators. Baars (1955)
reported that commonly used anionic surfactants reduced the alpha factor of a fine bubble 
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diffuser from 0.9 to 0.4 at concentrations of 4 to 10 mg/1 respectively. Baars also observed 
that the alpha factor for a surface aerator increased with surfactant addition, ranging from 1.0 
at low surfactant concentrations to 2.0 at high concentrations.
Many other investigators have reported the effects of various surfactants upon aeration 
systems, but it is not practical or desirable to discuss their individual findings as a more 
thorough review is provided by Stenstrom and Hwang (1979). It is, however, useful to 
observe the trends. In general, fine bubble diffusers appear to have the lowest alpha factors, 
while surface aerators appear to have higher alpha values, and in some cases, greater than 
unity.
Barnhart (1969) discusses the importance of bubble diameter to oxygen transfer. He reports 
that the addition of surfactants reduces the bubble diameter until the critical micelle 
concentration is reached. Beyond the critical micelle concentration very little reduction in 
diameter occurs (Admundson, 1994). Barnhart (1969) went on to propose mechanisms by 
which oxygen transfer is affected in the presence of surfactants. These mechanisms of 
transfer reduction or enhancement can be summarised as:
1. Reduction of the liquid film coefficient (ki) by the adsorbed surfactant;
2. Increased surface area normal to transfer due to decreased bubble size, fluid droplet size, 
and lower bubble terminal rise velocity;
3. Reduced surface renewal due to decreased bubble terminal rise velocity.
These proposed mechanisms could provide an explanation for the observed trends in alpha 
factors. The fine bubble diffuser provides a maximum surface area normal to transfer; thus it 
is unlikely that an increase in surfactant concentration can significantly increase surface area. 
Thus, for a fine bubble diffuser, the net effect of surfactants will be a reduction in the oxygen 
transfer rate due to the reduced liquid film coefficient, (ki) (Matsutani and Stenstrom, 1991). 
Coarse bubble diffusers and mechanical aerators may well benefit from an increased surface 
area, since the bubble sizes produced by such devices are in general, quite large.
A second possible mechanism that may explain the trend in observed alpha factors is the rate 
of surfactant adsorption at the bubble surface. Danckwertz (1951) stated that the transfer 
coefficient is greatest at the instant of bubble formation and decreases as the bubble surface 
ages. Since adsorption of surfactants at the bubble surface requires time, significant amounts 
of oxygen transfer may occur before the surfactants can adsorb to the bubble surface. This 
mechanism predicts that aeration devices that have a high rate of surface renewal should not 
be as adversely affected by surfactants as those devices that employ low surface renewal 
rates.
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Houck and Boon (1981) reported that the presence of significant industrial waste fractions in 
municipal wastewater might reduce the alpha factor. They found that alpha was especially 
affected in the first segment of long, plug flow aeration lanes (to values as low as 0.3-0.4) 
where detergents and other surfactants haven’t had sufficient contact time to be biodegraded. 
As these surfactants are oxidised In passing through the aeration process, the alpha value 
increased to values of 0.8 or higher at the exit from the aeration lane. Wagner (1998) found 
that retention time, as a factor of wastewater flow, had a significant influence on the alpha 
factor. High water flows, leading to short retention times in the aeration tank, gave low alpha 
factors. Wagner states that this is due to a reduction In the biological degradation of 
surfactants. Conversely, higher values of alpha were observed at low wastewater flow rates.
In addition to the synthetic surfactants, fatty acids, fatty alcohols, fatty acid amides and fatty 
amines may also be classed as surface active agents. Therefore, natural surface active 
agents are plentiful in wastewater. The biogradability of the surfactant is important from the 
treatment point of view. Naturally occurring compounds should readily degrade and a 
recovery in alpha is noticed as the wastewater is purified. Boon (1980) presented evidence of 
this recovery in alpha with degree of treatment (Figure 41). This modification of alpha with 
treatment is supported by Asselin et al., (1998). Alpha may also decrease if surfactants are 
generated as the intermediates of metabolism.
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Figure 41 Variation of Alpha With Treatment (Boon, 1980)
Many bacteria, including those encountered within activated sludge, can produce surface 
active substances, which are released to the surrounding medium. Surfactants produced by 
micro-organisms are usually lipids (Cooper and Zajic, 1980). Their surfactant properties
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result from a combination of polar and apolar charges in a single molecule. The apolar or 
hydrophobic portion Is usually a hydrocarbon. The most common example is the hydrocarbon 
chain of a fatty acid.
Cooper and Zajic (1980) reported that the type and composition of the surfactants produced 
by the bacteria depended heavily on the nature of the substrates introduced. Certain 
constituents may also Increase the production of extracellular polymeric substances. They 
also stated that changes in pH could also affect the production of surfactants. Many 
surfactants, particularly glycols are difficult to degrade, (McKinney, 1957). If these 
compounds are present to any great degree, a recovery in alpha may not be observed.
The type of surfactant is important in regard to the manner In which it affects the interface. 
Mancy and Okun (1960) list the following characteristics of surfactants that will determine the 
physlo-chemlcal character of the Interface:
1. Type of surfactant;
2. Number of carbon atoms;
3. Molecular configuration;
4. Mode of adsorbtlon and orientation;
5. Compressibility and spreading of the film;
6. Hydrogen bonding in the adsorbed film between molecules or with water.
Mancy and Okun (1960) also discuss the consequences of surface saturation of surfactants. 
This saturation is very meaningful in the transformation of the hydrodynamic character of the 
air-llquld interface. The degree of surface saturation depends on:
1. Rate of diffusion of the surfactant to the bubble surface;
2. Rate of adsorption at the Interface;
3. Degree of agitation which brings material to the Interface;
4. Presence of impurities.
Mancy and Okun (1960) found that the adsorption at the interface is a function of the 
molecular structure of the surfactant with the rate of adsorption at the interface and the 
diffusion to the Interface both being a function of time. This is fundamental In the 
understanding of the effects of surfactants on the reduction of kia. Mancy and Barlage (1968) 
speak of the phenomenon of surface ageing. If the time required for diffusion and adsorption 
Is greater than the bubble contact time, little or no effect will be observed upon kia. As bubble 
contact time Increases, the overall mass transfer product may be reduced by a substantial 
degree depending on the characteristics of the surfactant present. The size of this reduction 
being dependent upon the type of aeration system as well as the characteristics of the 
surfactant (Lister and Boon, 1973).
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The variation of surfactant concentration with respect to time has been identified as being of 
importance to the alpha factor. Reichert (1997) measured alpha factors as a function of the 
time and location within an aeration lane. It was observed that there was an increase in alpha 
values from inlet to outlet of the aeration lane, and that the lowest alpha factors coincided with 
the peak flows with high surfactant concentrations reaching the aeration lanes.
To summarise the effects of surfactants upon the alpha factor, several observations can be 
made. First, surfactants have generally been found to reduce ha  in diffused air systems 
through large reductions in the liquid phase mass transfer coefficent, h- Secondly, the 
molecular nature of the surfactant will determine the degree to which ha  is reduced, and 
finally the time for adsorption will be very significant when considering the reduction of ha, 
especially with regard to contact time.
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3.1.6 Operational Factors That influence Oxygen Transfer
The manner in which installed aeration equipment is operated and maintained can also has a 
significant impact upon the efficiency and operational life of fine bubble diffusers. Many of the 
operational factors that have been reported to influence the oxygen transfer performance are 
discussed in the following section.
3.1.6.1 Air Flow Rate
As the air flow rate per diffuser increases there is a significant increase in the overall oxygen 
transfer product (/c^a) and the oxygen transfer rate {OTR) (Ashley et al., 1991). The principal
mechanisms responsible for this are increased turbulence (Schmit et a/., 1978) and increased 
interfacial area (Mavinic and Bewtra, 1974; Deronzier et a!., 1998). Ashley et al. (1991) found 
that increasing the air flow rate had no effect upon the energy efficiency, however, it is usual 
to observe a decrease in the standard oxygen transfer efficiency {SOTE) with increasing air 
flow rate for fine bubble diffusers. This is due to the gas transfer mechanism during bubble 
formation and the degree of air-bubble entrapment. A high rate of gas transfer occurs at the 
bubble formation stage due to the continual expansion of the fresh gas-liquid interface (Mancy 
and Okun, 1960; Clift et al., 1978). As the air flow rate increases the time for individual 
bubble formation and subsequent oxygen absorption decreases. An Increase in the air flow 
rate per diffuser also results in a reduction in the time Interval between bubbles. Bubbles are 
also formed at an increased number of sites upon the diffuser, and thus there is a tendency 
for greater interaction between bubbles during formation. Garner and Hammerton (1954) 
found that when bubbles are separated by less than three seconds the rise velocity is 
appreciably higher than for single bubbles. The difference was found to be as much as 
threefold at frequencies above one per second. This leads to an Increase in bubble rise 
velocity and reduction in contact time. Larger bubbles are also produced thus Increasing the 
likelihood of coalescence, increasing the rise velocity, reducing further the contact time and 
also reducing the interfaciai area. Increased air flow rates also create a greater concentration 
of bubbles with relatively restricted lateral diffusion; thus oxygen transfer does not increase in 
proportion to airflow. This is termed the “chimney effect” (Ippen and Carver, 1954).
3.1.6.2 Diffuser Density and Placement
It is well documented within the literature (Ippen and Carver, 1954; Huibregste et al., 1983; 
Groves et al., 1992; Wagner and Popel, 1998) that increasing the number of diffusers 
(dividing the airflow between more diffusers) results in an increase ha. Bewtra and Nicholas 
(1964) concluded that this response was a combined effect of:
• an increase in oxygen absorption during bubble formation,
• a change in bubble rise velocity with air flow;
• a change in bubble diameter and h  with airflow;
• a decrease in air-bubble entrapment as a result of decreased airflow per diffuser.
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Fujie et al. (1997) studied the effect of diffuser placement upon the hydrodynamics and 
oxygen transfer characteristics within activated sludge aeration tanks. They concluded that a 
total floor coverage arrangement of diffusers on the bottom of the tank gave the best oxygen 
transfer and mixing characteristics. They observed that the average liquid ascending velocity 
in the bubbling zone was reduced to a minimum since there was no stable spiral liquid 
circulation existing in the tank. This reduction in liquid ascending velocity extended the gas- 
liquid contact time, increasing the gas hold-up per unit volume, which in turn enhanced the 
oxygen transfer.
3.1.6.3 Fluid Velocity Across Diffuser
The liquid phase velocity has been shown to reduce the bubble size in co-current flow. Whilst 
studying bubble formation from vertical nozzles, Krishnamurthy et al. (1970) found a decrease 
in the bubble volume resulting from an increase in buoyancy caused by the continuous phase 
velocity.
The effect of a horizontal fluid velocity across the face of the diffuser was studied by 
Deronzier et al. (1996). They reported an improvement in oxygen transfer due to a horizontal 
velocity of 0.45 m/s of approximately 43% in clean water and of 21% under process 
conditions. DaSilva-Deronzier et al. (1997) has proposed two mechanisms to explain this 
improvement in oxygen transfer:
1) the specific interfacial area is enhanced by production of smaller bubbles, due to a 
shearing effect of the horizontal velocity upon the nascent bubble;
2) horizontal velocity reduces the negative effect of spiral flows, thus decreasing the 
upward velocity of the bubbles.
Both mechanisms lead to an increase in the gas hold-up per unit volume and an increase in 
contact time (figure 42).
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Figure 42 Influence of the horizontal velocity on the alpha factor (Glllot e t  a/., 1998) 
3.1.6.4 Effects of Diffuser Fouling
Diffuser fouling is generally detrimental in wastewater treatment. It may result in increased
headless across the diffuser, changes to the bubble size distribution and reduced oxygen
transfer efficiency, both of which result In increased power consumption to maintain a given
level of treatment.
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3.1.7 Biochemical I Biological Variables That May Influence Alpha
Organisms within activated sludge may undergo a change in their biochemical activity, which 
in turn will exert an effect upon the oxygen transfer from a variety of aspects. The aerobic 
metabolic activity of bacteria is not only used to breakdown wastewater constituents, 
providing a subsequent change in concentrations of available susbstrates, but also produce a 
range of high-moiecular weight compounds which are released to the surrounding wastewater 
in the form of extra-ceilular enzymes.
Bacterial mucilages in particular have been found to effect the viscosity of the medium. 
Norberg and Enfors (1982) report a relationship between decreasing substrate concentration 
and increasing viscosity, as well as increased content of extra-cellular polymers. In batch 
tests, it was found that viscosity reached a maximum as the bacteria passed from the 
stationary growth phase into the decay phase. A majority of the substrates known to cause a 
rise in the viscosity are composed of extra-cellular polymers, which are known to have a 
strong inhibitory effect on mass transfer, and thus will influence the rate of oxygen transfer.
3.1.7.1 Extra-Cellular Polymeric Substances (Eps)
Li and Ganczarczyk (1990) reported that their observations on the interior of activated sludge 
floes revealed the presence of large amounts of extra-cellular polymers. These biopolymers 
were seen within the floes to form a matrix to connect most of the micro-organisms together 
and to maintain the integrity of the floes. Extra-ceilular polymers have different densities, 
rheologicai properties, and a different physical state from those of microbial cells in the floes. 
They represent the third major component of the floe after micro-organisms and water, and 
thus make a considerable contribution to the density and porosity of the fioc (Li and 
Ganczarczyk, 1990).
Extra-celiuiar polymers influence the oxygen transfer process in that the substrates and 
products transfer to, and from, the microbial cells in the fiocs. The substrates have to 
overcome not only the diffusionai resistance of water, but also that of the extra-cellular 
polymers in the fiocs before they reach the majority of the cells, especially those 
encapsulated in the microcolonies that are completely surrounded by the polymers. This 
additional resistance will increase the path length along which oxygen must diffuse, and thus 
will inhibit oxygen transfer from the bulk liquid to the respiring cells.
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3.1.7.2 Biological Cells as Suspended Solids
Biological cells may act as solid particles and thus can change the hydrodynamics around the 
gas-iiquid interface. Andrews et al. (1984) observed higher bubble mass transfer rates when 
particulates were present. Cellular activity was not shown to be responsible, the 
phenomenon being attributed to the influence of solid particles on the hydrodynamic flow 
around the attached bubble.
Andrews et al. (1984) proposed a theory to describe the effects of cells on oxygen transfer 
from rising bubbles. This stated that the hydrodynamic drag on the cells attached to a bubble 
would move the interface that would have, normally, been immobilised by the adsorption to 
the interface of any surfactants present. It has been shown that the cell interception efficiency 
of bubbles is higher with a mobile interface. This enhancement of interceptions or collisions 
leads to more cells attaching to the interface and even greater interception efficiency. This 
phenomenon, termed the ‘snowball effect’, may ultimately result in higher values of Ki,, 
thereby enhancing oxygen transfer. Sundararanjan and Lu-Kwang (1995) have reported this 
effect to be significant within specific ranges of solids and surfactant concentrations.
Against the existence of the snowball effect, Bungay and Masak (1981) have argued that cells 
accumulated at the interface can retard oxygen transfer by a blockage mechanism resulting in 
the slower oxygen permeation in the cell layer.
3.1.7.3 Effects of Other Biological Parameters on Oxygen Transfer
Burde and Steinmetz (1993) conducted a review of previous studies regarding the biological 
parameters that may effect oxygen transfer. One mechanism that they found might effect 
oxygen uptake is the adsorption properties of the activated sludge. Both dissolved and 
particulate constituents of raw wastewater have been reported to be rapidly removed when 
contacted with activated sludge. Hence, in addition to the effect of decomposition processes 
in treatment performance, adsorption processes may also be of particular importance.
Reith et al. (1995) reported that changes in organic loading (0.5 to 1.2kg BODs/m^.d) did not 
effect oxygen transfer performance. However, a short sludge age (2 days) and a high 
volumetric organic loading rate did provide improvements in oxygen transfer. Reith et al. 
(1995) also reported that oxygen transfer performance improved as the extent of nitrification 
increased. Higher oxygen transfer efficiencies were also observed by Groves et a/.(1992) for 
nitrifying systems.
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3.1.8 Biological Enhancement of Oxygen Transfer Via Cell Respiration
Two theories have been proposed to account for the respiration of interfacially adsorbed celis. 
it has been postulated that oxygen may be transferred directly from the gas bubble to 
respiring micro-organisms accumulated at the gas-liquid interface. The mass transfer 
resistances associated with the liquid film surrounding the gas bubble and cells are thus 
eliminated.
Tsao (1968) proposed that the oxygen consumption by the ceils accumulated in the liquid film 
adjacent to the gas-liquid interface results in steeper oxygen concentration gradients in the 
vicinity of the interface. This theory was also used Mines and Sherrard (1987) to explain their 
results of enhanced oxygen transfer in a wastewater treatment process.
Sundararanjan and Lu-Kwang (1995) stated that cell respiration can effect oxygen transfer to 
differing extents depending upon two independent factors; the specific oxygen uptake rate 
{OURsp) and the interfaciai solids accumulation. OURsp describes the respiration rate per unit 
mass of solids. It varies with the microbial populations established within the plant's solids, 
their metabolic states, and the process conditions, including temperature and nutrient 
availability. Sundararanjan and Lu-Kwang (1995) also reported that for the same degree of 
interfaciai solids accumulation, a higher OURsp is expected to intensify the enhancement 
effects of cell respiration, regardless of whether the mechanism is due to direct oxygen 
transfer from gas bubbles to the cells, or due to the generation of a steeper oxygen 
concentration near the gas-liquid interface.
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3.1.9 Literature Summary
From the literature reviewed, it can be concluded that knowledge about the causes and
mechanisms of the inhibition of oxygen transfer to wastewater is incomplete and in many
areas widely disputed.
• The transfer of oxygen to wastewater is fundamental for the efficient operation of the 
activated sludge process. It is a two stage process, the first being the generation of fine 
bubbles in the mixed liquor thus creating a large air-water interface, the second stage 
being the transfer of oxygen from the gas phase to the bulk liquid.
• The rate of transfer is governed by the solubility of oxygen in the wastewater, by the 
amount of oxygen already dissolved in the bulk liquid and the resistance to transfer that 
occurs at the gas/iiquid interface.
• The available surface area for mass transfer to occur across is determined by the rate at 
which the gas enters the liquid, the contact time and the size of bubbles into which the 
gas is dispersed. As the size and shape of the entrained bubbles determine the 
interfaciai area for mass transfer, factors that influence bubble formation and behaviour 
are of prime importance.
« The properties of a wastewater, which are of importance to the oxygen transfer capability,
can be altered by the degree of treatment activity. The changes in the water’s contents of 
surfactants and the removal of mineral salts during the process have been identified and 
described as two important factors for consideration.
• Surfactants profoundly affect oxygen transfer in bubble aeration systems, usually in an 
adverse manner, in general, the oxygen transfer coefficient exhibits a decreasing trend 
as the number of carbon atoms in the aikyi chain increases. The effect of a surfactant on 
oxygen transfer is also a function of the character of its hydrophilic group as well as its 
hydrophobic group.
• The organic matter accumulated on the surface of the suspended solids may undergo 
direct chemical oxidation or a biologicaiiy mediated (enzymatic) reaction, which may 
consume molecular oxygen. The influence of reactive solids on oxygen transfer is not 
only dependent on the kinetics of the chemical reaction at the solids-Iiquid interface, but is 
also a function of the biological activity.
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The operational and maintenance regimes that fine bubble diffusers are subjected to have 
a significant influence upon the efficiency and operational life of installed aeration 
equipment and hence upon the overall cost of treatment.
Due to the magnitude of the changes of alpha factors reported for the same systems, 
there is a requirement to characterise the variance of alpha due to wastewater 
characteristics changing with time of day, and day of week.
Alpha factor is strongly affected by the generic type of aeration device. There is 
convincing evidence to indicate that alpha factors for fine bubble diffusers are lower than 
those encountered by surface aerators.
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3.1.10 Determination of the Alpha Factor
The mass transfer product {ha) for many aeration devices is often evaluated in clean water.
However, this transfer product may differ considerably in field conditions due to various 
dissolved and suspended contaminants. The ratio of the overall wastewater mass transfer 
product to the clean water mass transfer product is designated the alpha factor. The correct |
determination of the alpha factor for a particular wastewater and process configuration is '
essential to the proper design of aeration systems in order for the correct oxygenation 
demands of the process to be met by the installed equipment.
In order to translate the clean water ha  to process conditions. It is essential to be able to 
assign an appropriate alpha factor to the wastewater for a particular aeration device. Several 
investigators (Ribbius and Kessener, 1935; Ippen and Carver, 1954; Boon, 1980) have 
attempted to determine ha  under operational field conditions. Full-scale testing of this type is 
complicated by many process variables including; the flowrate, suspended solids 
concentrations, oxygen uptake rate, levels and types of contaminants. Due to these many 
complications and the difficulty in applying steady or unsteady-state techniques to field 
conditions, bench-scale measurements of alpha are often made. Several possible alpha tests 
have been described by various authors (Bass and Shell, 1977; Gilbert, 1978; Otoski and 
Brown, 1978; Tewari, 1980; Doyle, 1981) however, numerous shortcomings arise with the use 
of most bench-scaie apparatus.
The literature contains many reports concerning the inability of bench-scaie alpha tests to 
predict full-scale values. Barnhart (1969) describes a situation in which a full-scale diffused 
air system yielded an alpha value greater than 1.0, whilst the bench-scale test provided an 
alpha value of 0.8. Otoski and Brown (1978) failed to derive identical alphas for full and 
bench-scale tests. Gilbert (1978) also obtained conflicting results for course bubble diffusers 
in deep tanks compared to bench-scale tests.
The differences reported between full-scale and bench-scale alpha tests are understandable 
when the number of factors that influence the mass transfer product, ha, and therefore alpha, 
are considered. In view of factors that are reported to affect alpha, maintaining similitude 
between full-scale and bench-scale is a complex task. The required size of the apparatus for 
undertaking bench-scaie alpha tests may be much larger than used by previous investigators 
(Bass and Schell, 1977). They claimed that a good approximation of alpha may be made in a 
small vessel by matching ha  in both systems. Gilbert (1978) found that to do this would 
necessitate different levels of turbulence. Since it is accepted that aeration efficiencies 
increase with water depth most likely due to increases in bubble contact time, in order to have 
similar ha  values an input of more air per unit volume would be required for the bench-scaie
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apparatus. This greater input of air would result in different levels of turbulence that would 
prevent any attempt to maintain dynamic similarity.
Uncertainties exist over the necessity to scale bubble contact time, if different depths are to 
be utilised at full-scale and bench-scale, then much lower bubble velocities are required. 
These lower velocities may result in altered hydrodynamic conditions at the air-iiquid 
interface.
The degree of mixing within a system has been found to have a considerable influence upon 
ha. Morgan and Bewtra (1960) conducted a series of investigations into the efficiencies of 
coarse bubble diffusers in a large tank and a four-inch diameter column at equal water 
depths. They found significant differences between results and concluded that a single, 
narrow column cannot model a large aeration tank.
At present, the measurement of alpha may be characterised as an inexact science. General 
conditions for alpha testing should resemble the conditions of the full-scale process as closely 
as possible. Ideally the alpha factor should only include the effects of the water or 
wastewater constituents, however, at present many alpha factors reported may well include 
process-related phenomena, such as the effects of scaie-up. If bench-scaie alpha testing is 
to be representative, the influence of certain system components must be established for the 
determination to be meaningful. The bubble size and bubble rise velocity should be 
recognised as important parameters. This means that the effect of water depth and gas flow 
rate should be investigated. The mode of bubble formation may also be critically related to 
the evaluation of alpha. Correct geometric scaling, as it relates to mixing, would appear to be 
crucial to an accurate estimation of alpha. The type of surfactant will influence alpha as 
determined by the surfactant’s adsorption time, the diffusion rate to the interface, and effect 
on interfaciai characteristics. Therefore, the actual test liquid will also yield considerable 
information concerning the ha.
The goal of proper alpha factor evaluation must be the elimination of all spurious phenomena 
in order to leave the alpha factor for a particular system, dependent only upon wastewater 
characteristics, if this objective is to be achieved and a thorough understanding of the 
variables that effect the inhibition of oxygen transfer to wastewaters gained, the development 
of a portable alpha test which can be scaled-up to accurately predict alpha factors for full- 
scale equipment must therefore be of a high priority.
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3.2 Experimental Rationale
In order to be able to measure the inhibition of oxygen transfer to wastewaters in an accurate 
and practical manner, the need to develop a portable, reproducible test was identified. In 
order to develop such a test, the importance scale upon some of the key variables required 
investigation. To this end, the following research problem was formulated:
“H o w  d o  th e  p h y s ic a l  v a r ia b le s  o f  d if f u s e r  ty p e , d e p th  o f  s u b m e r s io n ,  
a n d  a ir f lo w  r a te  a f fe c t  th e  a lp h a  fa c to r ? ”
If the effect of diffuser type, depth of submersion and airflow rate can either be neglected, or 
modelled, then it is hoped to be able to produce a bench-scale test which is capable of 
evaluating alpha factors at full-scale operational sites. Data on such alpha factors would lead 
to increased process knowledge and more informed design and operational decisions to be 
taken. This knowledge would then be used to answer the main research objective.
3.2.1 Research Objectives
The purpose of this series of experiments is to evaluate the effects of:
• type of fine bubble diffuser;
• depth of diffuser immersion;
• airflow rate to diffuser; 
upon the alpha factor.
The alpha factor due to be evaluated is defined as:
Cl ( jyastewater ) a  = -------------------------- ^
Ic lO- {clean Water )
The synthetic wastewater will consist of potable water to which a specified concentration of 
laboratory grade anionic surfactant (Aerosol OT) will be added.
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3.3 Design of Test Rig for Unsteady State Oxygen Transfer Testing 
3.3.1 Diffuser Type
Three types of fine bubble diffuser have been selected to examine. These diffusers may be 
characterised by their generic type, nameiy ceramic, piastic and membrane. The diffusers 
selected ail have the same surface area available across which bubble formation can occur. 
This was done in order to avoid different diffuser densities occurring within the test column 
and obscuring the variables being investigated. The diffusers to be evaluated are:
1. Sanitare 7” sintered ceramic disc diffuser
2. Nopon KKI 215 EPDM rubber membrane diffuser
3. Nopon HKL 215 HOPE porous piastic diffuser
3.3.2 The Test Column
The test rig (figure 43) consists of a 6m high PVC column with an internal diameter of 0.59m. 
Taps were placed at intervals of 1m along the column length in order that various water 
depths could be easily and accurately set. The column is supported by a frame of box- 
section steel, and is provided with a platform for easy access. Observation ports are provided 
and an access port of 0.5m diameter is located at the base to allow for access to the diffuser 
manifold. The diffuser manifold is secured to the bottom of the column, and is adjustable to 
ensure that diffuser positioning is constant.
3.3.3 Column Diameter
The column diameter chosen, 0.59m, was selected in order to reproduce a typically 
encountered diffuser density, or coverage, that occurs in the high rate zone of a fine bubble 
diffused aeration plant. In conjunction with the diffusers selected, the test rig has a diffuser 
density of 12%. Typical activated sludge aeration lanes in the UK are 3-5m in depth. In 
order to be able to reproduce this, and in consideration to the space available, the column 
was designed to provide a total water depth of 6m, which provides a maximum head above 
the diffuser of 5.7m
3.3.4 Airflow Rates
The test rig is capable of producing airflow rates from 0.5 -  5.0m%r. This range 
encompasses the manufacturers recommended operational airflow ranges for the majority of 
diffusers on the market today. Compressed air was supplied from a ring main at a pressure 
of approximately 0.6bar. The air flow rate was measured through a Platon gapmeter. This 
operated as a rotameter with a plug floating inside a variable area metering tube. The use of 
a combination of gapmeters permitted air flow measurements of between 5 and 90 I/m in 
under standard conditions. A nitrogen cylinder was attached to the air feed line for the de­
The Performance of Fine Bubble Diffusers 98
The Oxygen Transfer Performance of Fine Bubble Diffusers
aeration of the test liquid. A series of experiments were conducted to determine the optimum 
levei of gas flow rate for the nitrogen. This report is contained in the EngD portfolio Volume II.
3.3.5 Dissolved Oxygen Sensors
Two WTW CeilOx 325 dissolved oxygen sensors with automatic stirrers were used to provide 
a continuous reading of dissolved oxygen versus time. The sensors were positioned so that 
their membranes were facing upwards to reduce interference. The dissolved oxygen and 
water temperature values were transmitted to a data logger for later analysis. Investigations 
into the performance of dissolved oxygen probes were performed to determine their similarity 
and repeatability. This can be found in the EngD portfolio Volume II.
3.3.6 Test Liquid
The test liquid used for the clean water and detergent added tests was potable water as 
supplied within the Reading region. Each batch was aerated for a minimum of 24 hours prior 
to the commencement of testing.
3.3.7 Surfactant
The surfactant used throughout the experimental programme was an industrial grade pure 
anionic surfactant, Aerosol OT (dioctyi ester of sodium sulphosuccinic acid) which was 
supplied by Merck Ltd. The full product specification and safety data sheets are provided in 
appendix 2.
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Figure 43 Non Steady State Aeration Test Column
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3.4 Experimental Procedure
3.4.1 Clean Water Unsteady-State Oxygen Transfer Tests
Clean water oxygen transfer measurements were conducted in accordance to the ASCE 
standard “Measurement of Oxygen Transfer in Clean Water" (ASCE, 1991) and the details of 
the test procedure can be found there.
Prior to the commencement of testing the column was filled to the desired depth with potable 
water from the Reading area. The water was de-aerated with nitrogen gas until a dissolved 
oxygen concentration of 0.5mg/l was attained. The nitrogen flow was then terminated and the 
water was aerated at the prescribed air flow rate. This aeration procedure continued for a 
time period equivalent to 4/kLa, or until saturation had been attained.
Prior to the test, the dissolved oxygen sensors were calibrated in accordance with the 
manufacturers instructions. Winkler tests were not performed as the water quality was 
deemed to be of sufficient quality and the absolute oxygen concentration is not critical in an 
unsteady-state estimation of kua (Brown, 1978).
The clean water procedure may be summarised as:
1. Fill column to required depth with potable water.
2. Calibration of dissolved oxygen sensor.
3. Record water temperature, atmospheric pressure, temperature, humidity and diffuser 
submergence.
4. Place D.O. sensors at required submergence.
5. De-aerate water to 0.5 mg/l using nitrogen.
6. Aerate at the desired air flow rate for a period of 4/kta, recording D.O. concentration with 
respect to time.
7. Perform data analysis using regression techniques as specified within ASCE standard in 
order to determine kta.
3.4.2 Surfactant-Added Unsteady-State Oxygen Transfer Tests
The methodology for this series of experiments is the same as for the clean water unsteady- 
state oxygen transfer tests with the exception of the addition of a specified surfactant to the 
test liquid.
The addition of the surfactant will inhibit the transfer of oxygen to the test liquid in a way that 
mimics the inhibition of oxygen transfer within wastewaters. The purpose for using the 
detergent is to remove any biological variables (respiration rate, production of bio-surfactants.
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etc) from the experiment to enable the investigation to isolate the purely physical variables of 
depth of submergence, diffuser type and air flow rate.
The specified detergent is Aerosol OT, a pure anionic surfactant, which is added to provide a 
residual concentration of 6mg/l. This concentration has been found to be sufficient to raise 
the level of surfactant above the critical micelle concentration (CMC) and in general represent 
an alpha value of 0.5 (Boon, 1980).
Prior to the commencement of aeration tests the test liquid is analysed for the content of 
surfactants. The determination of the level of surfactant was performed indirectly by 
measuring the surface tension of the bulk phase liquid. This procedure is outlined in detail in 
section 2.7
The detergent added test procedure may be summarised as:
1. Fill column to required depth with potable water.
2. Calibration of dissolved oxygen sensor.
3. Add the required amount of detergent.
4. Record water temperature, atmospheric pressure, temperature, humidity and diffuser 
submergence.
5. Analyse detergent concentration and adjust as required.
6. Place D.O. sensors at required submergence.
7. De-aerate water to 0.5 mg/l using nitrogen.
8. Aerate at the desired air flow rate for a period of 4/l<La, recording D.O. concentration with 
respect to time.
9. Perform data analysis using regression techniques as specified within ASCE standard in 
order to determine kua.
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3.5 Data Analysis
3.5.1 Unsteady-State Clean Water Oxygen Transfer Testing
The clean water oxygen transfer testing was conducted according to the ASCE standard
“Measurement of Oxygen Transfer in Clean Water” (ASCE, 91).
A typical data set from the clean water tests is presented in Figure 44. This is a graphical
representation from a test conducted on 8*^  July 1998.
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Figure 44 Reaeration Test Data for a Typical Fine Bubble Diffuser
The data obtained from each D.O. sensor are then analysed by a simplified mass transfer model 
to estimate the apparent volumetric mass transfer coefficient, k^a, and the steady-state DO 
saturation concentration, CL This simplified mass transfer model is described by Brown and 
Baillod (1982), and is given by.
Where:
C,
Cf - C o o  “ (Coo ~ Q ))e x p (-/:^a r)
DO concentration at time t,
E q u a tio n  3 .1 0  
(mg/l)
Co
determination point value of steady-state DO saturation 
concentration as time approaches infinity,
DO concentration at time zero.
(mg/l)
(mg/l)
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kitt = determination point value of the apparent volumetric
mass transfer coefficient. (hr
Non-linear regression is used to fit the above model to the DO profiles measured during the re­
aeration of the test liquid. This provides estimates of kia and c L  which are then adjusted to 
standard conditions of zero dissolved oxygen concentration, 20°C and 1 atmosphere barometric 
pressure.
It should be noted that this model applies to a given aeration system in a given tank under steady 
state hydraulic conditions. It is based upon a completely mixed system with uniform DO values 
in which oxygen is transferred throughout the tank volume (EPA, 1993). It therefore assumes 
that the dissolved oxygen saturation concentration, C«,, and the mass transfer product, kta. are 
uniform throughout the system. The model also assumes that no depletion occurs within the 
gas phase.
There are several implications of the assumptions within the model upon the practicalities of 
undertaking aeration tests. The average dissolved oxygen concentration represents a bulk 
phase average concentration thus, if results of multiple sample points are to be analysed as a 
simple average, it is essential that the sample points be chosen so that each represents an equal 
portion of the tank volume. Dissolved oxygen sensors must have a sufficiently fast response 
time in order to ensure that the data recorded is that of the bulk phase dissolved oxygen 
concentration and not of the probe response. In order to achieve this, it Is recommended that 
probes with a response time constant of less than 0.02/k|,a be utilised. If unsteady-state aeration 
tests are performed at great depths (in excess of 12 metres), then consideration should be given 
to the degree of depletion that occurs within the gas phase (Wagner, 1998).
3.5.2 Determination of Standard Oxygen Transfer Efficiency (SOTE)
The oxygen transfer efficiency refers to the fraction of oxygen in an introduced gas stream 
dissolved under given conditions. The standard oxygen transfer efficiency (SOTE), which refers 
to the standard oxygen transfer rate (SOTR) at a given gas flow rate, water temperature of 20°C, 
and barometric pressure of 1 .OlSbar, and may be calculated for a given flow rate of air by:
Equation 3.10
Where:
JVo2 = mass flow of oxygen In air stream (kg02/hr)
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3.5.3 Determination of the Alpha Factor
Once the clean water mass transfer product, k iS z o  ciean water and the surfactant-added mass 
transfer product, /<l92o surfactant have been determined, it was possible to determine the alpha 
factor. In order to achieve this a linear line of best fit of the form Y = Ax + B was fitted to the 
mass transfer product versus airflow data for each depth of immersion. The clean water and 
surfactant added relationships determined by this process were then compared to one 
another for varying airflow to arrive at the derived alpha factor as defined in equation 3.9.
This data manipulation was necessary in order to allow the clean water and surfactant added 
mass transfer products to be compared at the same airflow rates. This was particularly 
pertinent when comparing data collected at different depths of immersion as the change in 
hydrostatic head had a significant effect between the observed airflow rates and the corrected 
airflow rates.
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3.6 Results
3.6.1 Clean Water Conditions
3.6.1.1 Influence of Airflow on the Mass Transfer Product
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Figure 45 Influence of Airflow on Mass Transfer Product, 1.73m Immersion
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Figure 46 Influence of Airflow on Mass Transfer Product, 3.73m Immersion
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Figure 47 Influence of Airflow on Mass Transfer Product, 5.73m Immersion
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3.6.1.2 Influence of Airflow on Standard Oxygen Transfer Efficiency
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Figure 48 Influence of Airflow on Standard Oxygen Transfer Efficiency, 1.73m
Immersion
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Figure 49 Influence of Airflow on Standard Oxygen Transfer Efficiency, 3.73m
Immersion
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Figure 50 Influence of Airflow on Standard Oxygen Transfer Efficiency, 5.73m
Immersion
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3.6.1.3 Influence of Airflow on Standard Oxygen Transfer Rate
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Figure 51 Influence of Airflow on Standard Oxygen Transfer Rate, 1.73m Immersion
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Figure 52 Influence of Airflow on Standard Oxygen Transfer Rate, 3.73m Immersion
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Figure 53 Influence of Airflow on Standard Oxygen Transfer Rate, 5.73m Immersion
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3.6.1.4 Influence of Depth
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Figure 54 Influence of Depth of Immersion of Mass Transfer Product at an Airflow of
2m^/hr/diffuser
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Figure 55 Influence of Depth of Immersion on Standard Oxygen Transfer Efficiency per 
Metre of Immersion at an Airflow of 2m^/hr/diffuser
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Figure 56 Influence of Depth on Standard Oxygen Transfer Rate, Airflow at
2m%r/diffuser
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Figure 57 Influence of Depth on Standard Oxygen Transfer Efficiency, Airflow at
2m /hr/diffuser
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3.6.2 Surfactant Added Results
3.6.2.1 Influence of Airflow
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Figure 58 Influence of Airflow on Mass Transfer Product in the Presence of Surfactant,
1.73m Immersion
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Figure 59 Influence of Airflow on Mass Transfer Product in the Presence of Surfactant,
3.73m Immersion
The Performance of Fine Bubble Diffusers 114
The Oxygen Transfer Performance of Fine Bubble Diffusers
14
12
10
0.5 1.5 2.5 3.5
Normalised Airflow (m /hr/dlffuser)
♦  Plastic ■ Ceramic Membrane
Figure 60 Influence of Airflow on Mass Transfer Product in the Presence of Surfactant,
5.73m Immersion
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3.6.3 Alpha Factor
The results below are derived from interpolation and not from measurement.
0.9
0.8
0.7
O 0.6o« 0.5
a<  0.4
0.3
0.2
0.1
0.5 1.5 2 2.5 3
Normalised Airflow (m^/hr/dlffuser)
■Plastic Ceramic Membrane
3.5 4.5
Figure 61 Influence of Airflow on the Alpha Factor, 5.73m Immersion
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Figure 62 Influence of Depth of Submergence on the Alpha Factor, Airflow at
2m^/hr/diffuser
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3.6 Results
3.6.1 Clean Water Conditions
3.6.1.1 Influence of Airflow on the Mass Transfer Product
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Figure 45 Influence of Airflow on Mass Transfer Product, 1.73m Immersion
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Figure 48 Influence of Airflow on Mass Transfer Product, 3.73m Immersion
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Figure 47 influence of Airflow on Mass Transfer Product, 5.73m Immersion
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3.6.1.2 Influence of Airflow on Standard Oxygen Transfer Efficiency
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Figure 48 Influence of Airflow on Standard Oxygen Transfer Efficiency, 1.73m
Immersion
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Figure 49 Influence of Airflow on Standard Oxygen Transfer Efficiency, 3.73m
Immersion
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Figure 50 influence of Airflow on Standard Oxygen Transfer Efficiency, 5.73m
Immersion
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3.6.1.3 Influence of Airflow on Standard Oxygen Transfer Rate
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Figure 51 Influence of Airflow on Standard Oxygen Transfer Rate, 1.73m Immersion
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Figure 52 Influence of Airflow on Standard Oxygen Transfer Rate, 3.73m Immersion
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Figure 53 Influence of Airflow on Standard Oxygen Transfer Rate, 5.73m Immersion
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3.6.1.4 Influence of Depth
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Figure 54 Influence of Depth of Immersion of Mass Transfer Product at an Airfiow of
2m^/hr/diffuser
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Figure 55 Influence of Depth of Immersion on Standard Oxygen Transfer Efficiency per 
Metre of Immersion at an Airflow of 2m^/hr/diffuser
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Figure 56 influence of Depth on Standard Oxygen Transfer Rate, Airfiow at
2m^/hr/diffuser
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Figure 57 influence of Depth on Standard Oxygen Transfer Efficiency, Airflow at
2m^/hr/diffuser
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3.6.2 Surfactant Added Results
3.6.2.1 influence of Airflow
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Figure 58 Influence of Airfiow on Mass Transfer Product in the Presence of Surfactant,
1.73m immersion
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Figure 59 influence of Airflow on Mass Transfer Product in the Presence of Surfactant,
3.73m Immersion
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3.6.3 Alpha Factor
The results below are derived from interpolation and not from measurement.
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Figure 61 Influence of Airflow on the Alpha Factor, 5.73m immersion
1.2
0.8I
I<
0.6
0.4
0.2
2 3 4
Depth of immersion (m) 
[♦Plastic Membrane ■  Ceramic|
Figure 62 influence of Depth of Submergence on the Alpha Factor, Airflow at
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3.7 Discussion
3.7.1 Clean Water Oxygen Transfer Performance.
The correct determination of the alpha factor is dependent upon the accuracy of and 
confidence in the baseline clean water data. In order to ensure confidence in the clean water 
oxygen transfer data a significant amount of unsteady state clean water oxygen transfer tests 
were undertaken in the test rig Illustrated in figure 43 in accordance with the standard 
procedure issued by the ASCE (ASCE, 1991). The clean water results are contained in table 
1 to 3 in appendix 1.
The generation of such a large quantity of clean water performance data was also used to 
confirm the observations of previous studies with regard to the impact of the physical 
variables of depth of immersion, airflow and generic diffuser material upon the oxygen 
transfer performance. The results of these are summarised in figures 45 to 62.
3.7.1.1 influence of Airflow
Figures 45 to 47 illustrate the influence of the airflow per diffuser on the mass transfer 
product, kuaao, at depths of immersion for 1.73m, 3.73m and 5.73m. In can be seen at all 
depths of immersion, that there is no significant difference between the behaviour of the three 
generic types of diffuser, namely plastic, ceramic and membrane. As the airflow per diffuser 
increases, the mass transfer product can be seen to increase linearly. The standard oxygen 
transfer rate (SOTR), which is a function of the mass transfer product, is also observed to 
respond in the same linear manner (figures 51 to 54). This observation is in agreement with 
that of Ashley et al. (1991). The principal mechanisms responsible for this are increased 
turbulence (Schmlt et a!., 1978) and increased interfacial area for mass transfer to occur 
across (Manvinic and Bewtra, 1974). It is hypothesised that this linear relationship will be valid 
for all airflow rates up until the onset of jetting at the diffuser orifices where upon the 
hydrodynamic regime will change dramatically. The point at which jetting commences is 
believed to be well In excess of the typical operational range of fine bubble diffusers and as 
such should not occur in practice.
Figures 48 to 50 show the Influence of the airflow rate per diffuser upon the standard oxygen 
transfer efficiency (SOTE) at depths of diffuser submergence of 1.73m 3.73m and 5.73m 
respectively. The air flow rate can be seen to have a significant role in determining the 
oxygen transfer efficiency of a fine bubble diffuser. As the air flow rate increases, the SOTE 
can be seen to decay until it approaches a constant value at higher flow rates. This is due to 
the gas transfer mechanism during bubble formation and the degree of air-bubble 
entrapment. A high rate of gas transfer occurs at the bubble formation stage due to the 
continual expansion of the fresh gas-liquid interface (Mancy and Okun, 1960). As the airflow 
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rate increases the time for individual bubble formation and subsequent oxygen absorption 
decreases. An increase in the airflow rate per diffuser also results in a reduction in the time 
interval between bubbles. Garner and Hammerton (1954) found that when bubbles are 
separated by less than three seconds the rise velocity is appreciably higher than for single 
bubbles. The difference was found to be as much as threefold at frequencies above one per 
second. This leads to an increase in bubble rise velocity and reduction in contact time. 
Larger bubbles are also produced thus increasing the likelihood of coalescence, Increasing 
the rise velocity, reducing further the contact time and also reducing the Interfacial area. 
Increased air flow rates also create a greater concentration of bubbles with relatively 
restricted lateral diffusion; thus oxygen transfer does not increase in proportion to airflow. 
This Is termed the “chimney effect” (Ippen and Carver, 1954). The bubble diameter also 
increases as a function of the gas flow rate (see equation 3.6) and will result in a reduction in 
the interfacial area available for mass transfer to occur across, resulting in a decrease in the 
SOTE.
It should also be noted that the values obtained for standard oxygen transfer efficiency 
demonstrate excellent agreement with those observed in full-scale test at similar depths of 
immersion and also with the diffuser manufacturer’s test data. These observations provide 
confidence in the choice of the ratio between the diffuser and column diameter which was 
chosen to represent a typical diffuser density encountered within a typical high rate treatment 
zone of a full-scale Installation of 12%. It also suggests that wall effects within the system 
were negligible and that the mixing regimes within the laboratory set-up were representative 
of those encountered at full-scale. In order to confirm the mixing regime of the system, 
attempts were made to undertake a series of mixing tests. These tests were conducted using 
a solution of sodium fluoride and a number of fluoride probes placed at varying depths within 
the column. However, upon analysis of the results, it was found that the response time of the 
fluoride probes was insufficient in order to capture the change of concentration of fluoride 
within the system. As the response time of the probes employed was high (tgo < 10 seconds) 
it was concluded that the system could be considered to be completely mixed.
3.7.1.2 Influence of Depth of Immersion
The influence of the depth of immersion on the mass transfer product, kuaao, is shown in figure 
54. It can be seen that as the depth tends towards zero, there is a significant increase in the 
value of the mass transfer product. This rise indicates that the contribution of the bubble 
formation process to the overall oxygen transfer is significant, representing up to 20% of the 
total mass transfer at very shallow depths. The significance of this contribution will diminish 
as the depth increases, and will only account for around 5% of the total mass transfer at 
operational depths. This observation is supported by the work of Clift et al. (1978) and 
Kountz and Villforth (1954) who have also reported significant mass transfer at bubble 
formation. This increased rate of mass transfer has been attributed to the rapidly forming 
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interface between the nascent bubble and the bulk phase liquid. As the standard oxygen 
transfer rate (SOTR) Is merely a product of the volume of the system, which increases linearly 
with depth; the dissolved oxygen saturation concentration which is essentially constant; and 
the mass transfer product; then it also can be seen to follow the same trend as the mass 
transfer product, l<La2o. This trend is iilustrated in figure 55. This observation is supported by 
Wagner and Popel (1998)
The effects of increasing the depth of immersion of the diffuser on the overall standard 
oxygen transfer efficiency (SOTE) for all generic types of diffuser under investigation for an 
airflow rate of 2m%r diffuser are shown in figure 56. It can be seen that there is a linear 
response of the SOTE to the depth of diffuser immersion for the depths considered within this 
work (0.23m to 5.73m). It is very likely however, that this relationship would begin to level off 
if the depth of immersion were to be increased significantly (to the order of 10 to 12m). Such 
a levelling of would be attributable to the decrease in the driving force, due to the fall in the 
partial pressure of oxygen within the bubble as mass transfer occurs, during its rise through 
the bulk phase liquid.
3.7.2 Oxygen Transfer Performance in the Presence of Surfactants
A commercially available pure anionic surfactant, Aerosol OT, was added to potable water 
from the Reading area in order to simulate a synthetic alpha value. The surfactant was added 
at a concentration above the critical micelle concentration that resulted in a reduction in the 
surface tension of the bulk phase liquid. The details of the type of surfactant and the 
procedure for the determination of surface tension are given in section 2.7.
The influence of the airflow rate on the mass transfer product in the presence of an anionic 
surfactant is illustrated in figures 58 to 60 for depths of immersion of 1.73m, 3.73m and 5.73m 
accordingly. It can be seen that although the plastic and membrane diffuser respond to an 
increase in airflow in a similar manner the ceramic diffuser, although following the same trend, 
operates at a significantly reduced mass transfer product. This difference in the mass 
transfer product for a given airflow is typically around 30%.
It is proposed that this significant difference in the mass transfer performance of the ceramic 
diffuser, when compared to the performance of the plastic and membrane diffusers may be 
attributed to the interaction between the diffuser material and the bulk phase liquid. As 
discussed in section 2, it was observed that the presence of anionic surfactants in the bulk 
phase liquid had a significant impact upon the bubble formation process. This modification of 
the bubble size distribution and bubble shape was seen to be greatest for ceramic diffusers. 
This modification of the bubble size distribution was attributed to the surface properties of the 
diffuser material and their potentiai to become fully wetted in the presence of surfactants. In 
the work presented in section 2 it was reported that the materials used in the construction for 
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ceramic diffusers have inherently high surface energies, whilst the materials used in the 
construction of plastic diffusers have low surface energies. This difference in the surface 
energies affects the wettability of the substrates and thus has a significant impact on the 
bubble formation and the dynamics of bubble detachment, particularly when the surface 
tension of the bulk liquid phase has been reduced by the presence of surfactants. The 
balance between the surface tension forces and the buoyancy forces acting upon the forming 
bubble determines the bubble size at which detachment. Any modification in the surface 
tension at the bubble/diffuser interface will result in a concurrent reduction in the buoyancy 
force required to overcome the surface tension and allow bubble detachment to occur earlier.
As the wettability of the diffuser substrate has been proven to have a direct impact upon the 
bubble size and shape at detachment, it can may also account for the significant differences 
in the oxygen transfer performance of the diffusers. It is suggested that by extrapolating the 
results of the clean water unsteady state oxygen transfer data back to zero depth (see figure 
54) that the significant amounts (around 20%) of oxygen transfer occurs during the bubble 
formation process. As such, any factor that influences the process of bubble formation may 
also impact on the degree of mass transfer that occurs during this process. It has been 
stated that a reduction in the surface tension of the liquid phase will, depending on the 
diffuser substrate surface characteristics, significantly affect the bubble size and shape at 
detachment. This change in bubble size will invariably lead to reductions in the bubble growth 
time during formation and reduced terminal rise velocities of the bubbles. Both of these will 
also lead to smaller shear forces acting on the bubble and reduced surface renewal rates at 
the interface. The combined effect of these factors are likely to account for the lower levels of 
mass transfer that have been observed for the ceramic diffuser in the presence of an anionic 
surfactant.
3.7.2.1 The influence of Airflow on the Alpha Factor
Figure 61 illustrates the calculated alpha factor for increasing airflow per diffuser. This value 
was determined in accordance with the procedure outlined in section 2. It can be seen that 
although the alpha factor demonstrates a slight rise with increasing airflow at low rates (up to 
1.75m^/diffuser/hr), it levels off at higher flow rates and remains fairly constant for the 
remainder of airflow rates that were investigated. This independence of airflow rate was also 
reported by Gillot and Fleduit (2000). The relationship between airflow and the alpha factor 
can be seen to be the same for the plastic and membrane diffusers and once again the 
ceramic diffuser, although following the same trend, does so at a significantly reduced level. 
The values of the alpha factor determined for the ceramic diffusers, typically 0.5 to 0.55 are 
similar to those observed by previous investigators (Houck and Boon, 1981).
A possible explanation for the insensitivity of the alpha factor to increasing airflow is that the 
inhibition of oxygen transfer is attributable to the increase in resistance to mass transfer at the
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liquid film due to the absorption of surfactants at the gas-liquid interface. This increase in 
resistance can be best visualised as an increase in the film thickness (see figure 39). The 
insensitivity of the degree of inhibition to changes in airflow would indicate that the level of 
mixing and subsequent degree of turbulence induced at the macro scale does not impact 
upon the surface renewal rate of the rising bubble. Instead, the dominant factor in 
determining the micro turbulence and thus the surface renewal rate is the bubble rise velocity. 
Although not measured directly within this piece of work, it was observed during the 
photographic observations on bubble formation that even though the bubble size, shape and 
motion was modified in the presence of anionic surfactant, the rise velocity of the bubble was 
not noticeably altered. This observation is supported by the work of Montarjemi and Jameson 
(1978). It can be seen from figure 40 that for the bubble sizes observed within the aeration 
systems under investigation (1-3.5mm) that the terminal rise velocity is relatively constant at 
around 0.3m/s. It is therefore hypothesised that although the presence of anionic surfactants 
in the bulk liquid phase has been shown to significantly reduce bubble size, this reduction 
does not result in the expected decrease in bubble terminal rise velocity and hence, does not 
significantly effect the surface renewal rate at the air/water interface. A possible explanation 
for this is that the bubble rise velocity is significantly affected by the fluid velocity within the 
system. As the fluid velocity is not affected by changes in the surface tension, fluid velocity 
vectors will remain the same and thus changes in bubble rise velocity will not be observed.
S.7.2.2 The Influence of Depth of Immersion on the Alpha Factor
The influence of the depth of immersion on the alpha factor has been calculated for an airflow 
of 2m^/hr /diffuser and is shown in figure 62. It can be seen for the plastic diffuser that as the 
depth tends towards zero, the alpha factor rises to the point that, at a depth of approximately 
0.4m, it begins to have a positive impact on the oxygen transfer process. It is believed that 
this pattern of behaviour Is due to two distinct factors. It has been shown in section 2 that the 
presence of surfactants significantly alters the bubble formation process by modifying the 
bubble size and shape. Although the plastic diffuser is least affected by these modifications, 
it is believed that the increase in the interfacial area due to the reduction in bubble size will 
enable a greater amount of mass transfer to occur in the early stages of bubble rise. During 
these early stages, it is hypothesised that there is little accumulation of surfactants at the 
air/water interface and hence oxygen transfer occurs with relatively little inhibition. The 
accumulation of surfactants at the air/water interface would appear to take a finite period of 
time to occur. Assuming a bubble rise velocity in the order of 0.3m/s and taking into account 
the observation that the alpha factor decreases up to depths of immersion of 1.75m, the time 
for accumulation to occur and for saturation of the interface to be achieved can be estimated 
at around 6 seconds. Once the air/water interface of the rising bubble has become saturated 
with surfactants, then the resistance to mass transfer caused by the increase in the liquid film 
will result in a constant value. This is reflected by the observation of the alpha factor 
remaining constant for all depths of immersion above 1.75m. This observation confirms the
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findings of Lister and Boon (1973) who found that for a system containing anionic surfactants, 
the mass transfer coefficient decreased up to a depth of 2m before levelling off at a constant 
value. Lister and Boon (1973) concluded that there was no significant correlation between 
the alpha factor and depth. Although this is the case for anionic surfactants, the same 
mechanisms will apply for other types of surfactants, with the only change being the time 
taken for absorption at the interface to occur and saturation to be achieved. This will directly 
affect the depth at which the alpha factor attains a constant value and thus it would be 
prudent to investigate before any final decisions are made regarding a decision on the depth 
of apparatus required in order to determine fuli-scale alpha factors at operational sites.
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3.8 Conclusions
It may be concluded that:
• In clean water conditions, there is no significant difference in the oxygen transfer 
performance of plastic, ceramic or membrane diffusers.
® The standard oxygen transfer efficiency of fine bubble diffusers was found to decrease
with increasing airflow.
e The mass transfer product (l<La2o) and standard oxygen transfer rate (SOTR) were found
to increase linearly with increasing airflow.
• The standard oxygen transfer rate (SOTR) and the standard oxygen transfer efficiency 
(SOTE) were found to Increase as the depth of immersion of the diffuser increased.
• In the presence of anionic surfactants, there is a significant reduction in the oxygen 
transfer performance of all generic types of fine bubble diffuser.
» In the presence of anionic surfactants, ceramic diffusers were the most adversely affected
in terms of oxygen transfer performance when compared against that of plastic and 
membrane diffusers.
• Using anionic surfactants to inhibit oxygen transfer, thus replicating the effect of the alpha 
factor, it was found that the alpha factor was insensitive to increases in airflow rate per 
diffuser for the range of 0.5m%r to 4m%r, the typical operating range of fine bubble 
diffusers.
• The alpha factor of a fine bubble diffused aeration system was dependent upon the depth 
of immersion of the diffuser up to depth of 1.75m. At depths greater than 1.75m, the 
alpha factor was found to be constant.
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3.9 Recommendations for Future Work
It is important to highlight that the work reported herein is only of direct relevance to the 
influence of anionic surfactants on the oxygen transfer performance of fine bubble diffusers. 
It is however, possible to infer many of the observations made to the more general case, 
however, there still remains a requirement that these be investigated fully. The main 
recommendations for future use must be directed towards establishing how applicable the 
results observed within this work are to other types of surfactants. In particular, it is important 
to determine the effects of non-ionic surfactants with respect to the diffuser materiai and their 
impacts upon the oxygen transfer performance of fine bubble diffused aeration systems.
The addition of pure surfactants to a clean water system to mimic the inhibition of oxygen 
transfer within fine bubble diffused aeration systems should be recognised for what it is. This 
role is that of a stepping stone in determining the contribution and importance of the physical 
variable of generic diffuser type, depth of immersion and airflow rate to the alpha factor. The 
ultimate goal must still be the investigation of the contribution biological and chemical 
variables to the alpha factor. In order to investigate these variables, the efforts of researchers 
in the field should now be directed towards identifying and isolating those variables within a 
live biological system.
The work reported here will serve to enable many decisions regarding the scale-up alpha 
testing to be made with Increased confidence. Although the goal of a portable alpha factor 
profiling test is still not a reality, it is the belief of the author that there is sufficient knowledge 
to be able to construct a suitable set of apparatus which is capable of removing many of the 
issues of scale that were present at the outset of this research.
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4. The Fouling of Fine Bubble Diffusers
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4.1 Introduction
Over the past fifteen years the number and type of proprietary fine bubble diffusers available 
for wastewater aeration systems has increased dramatically. From the first installations of 
diffused aeration plants in the early 1900's until the 1980’s, fine bubble diffusers were 
manufactured from sintered alumina predominantly as 7” dome diffusers mounted on iron, 
and later plastic, air headers. From the early 1980’s sintered plastic diffusers of disc and 
tubular construction became available and were soon followed by flexible rubber membrane 
diffusers also in the form of discs and tubes.
Rigid diffusers, be they plastic or ceramic, consist of a layer of ceramic or plastic particles 
bonded together into a porous matrix. Disc type diffusers are usually sealed into a mounting 
bowl by a threaded peripheral ring and rubber seal. Dome type diffusers have a turned down 
shoulder and are mounted onto a flat base plate using a peripheral seal and held in position 
by a central mounting bolt, drilled to act as a control orifice for the airflow. Membrane 
diffusers consist of a flexible membrane with machined holes or slots to allow air flow, 
stretched over a circular or tubular support and either held in place with a peripheral clamp or 
locking ring. The operation of membrane diffusers differs fundementally from the rigid ceramic 
or plastic type of diffuser in that in operation the surface of the membrane is constantly flexing 
as the machined slots open and close in response to local air pressure to allow the passage 
of air.
Common to all types of diffuser is some type of air regulation system to allow for equal air 
distribution per diffuser for units mounted along a length of an air header supplied from one 
end. These regulators usually take the form of a control orifice In the bottom of the diffuser 
bowl or in the mounting bolt.
Aeration costs have been identified as accounting for between 50 and 90% of the total 
operating costs for the activated sludge process (Ashley et al., 1991) and these costs are 
directly related to the efficiency of the diffuser elements with respect to oxygen transfer and 
pressure loss. The whole life costs of diffusers consists of its unit cost (element and 
mounting), its installation cost, the operational costs over its working life and ultimately the 
disposal costs, with the operational costs being the most significant of these. Any loss of 
performance in terms of overall oxygen transfer efficiency will rapidly become the dominant 
element in the whole life cost.
The issue of what constitutes the useful working life of a diffuser has never been fully 
answered for ceramic diffusers despite their numerous years of operation. The useful 
working life has been reported to be dependent upon operational conditions, both controlled, 
such as airflow, and uncontrolled such as wastewater characteristics. The question of
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operational life has become more complex with the variety of designs and materials for 
diffuser construction now available in the market place.
In order to understand the operational performance of fine bubble diffusers over time and the 
implications of any deterioration in performance upon the cost of aeration a desktop study into 
the whole of life costs of aeration was undertaken. This report, entitled: Aeration -  the need 
for comprehensive data collection, is contained in the EngD portfolio Volume II. This study 
applied Life Cycle Assessment (LCA) techniques to attempt to quantify the various costs 
associated with the aeration process.
The original objective of the study was to develop a decision-making tool that would enable 
the capital procurement process to incorporate long-term operational costs along with the 
environmental burdens associated with different aeration units with the aim of ensuring 
effective aeration at reduced cost. The report highlighted shortfalls in the availability of 
operational data along with significant knowledge gaps that prevented the formulation of the 
decision-making tool and went on to propose a research programme that would provide the 
necessary information to allow the development of the model. The desktop study 
recommended a dual approach to data collection In order to obtain the necessary information. 
These approaches were that of;
• Data collection from full-scale operational sites
« Laboratory and pilot scale investigations into the rates and mechanisms of deterioration in 
the performance of fine bubble diffusers.
This section will describe how the recommendations of the initial desktop study have been 
investigated and will attempt to propose the mechanisms through which the operational 
performance of fine bubble diffusers deteriorates over time.
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4.2 Current Knowledge
Several diffuser designs are available for use in the aeration of wastewater treatment plants, the 
most common being porous plastic domes and discs, ceramic domes and discs, and membrane 
discs, although tubes constructed from these materials are also available. The earliest diffused 
aeration plants employed open tubes or perforated pipes, however, it soon became apparent that 
the production of smaller bubbles could lead to increases in efficiency. This led to the 
development of porous ceramic diffusers that were introduced as early as 1916 (Brade and 
Shahid, 1993).
iI
Ceramic diffusers are still employed today and are the most common type of diffuser material in |
use. Early designs of ceramic diffusers used silica, however the majority of ceramic diffusers on |
the market today are manufactured from aluminium oxide (WPCF, 1988). The use of porous
plastic materials is a more recent development with the major advantages over ceramics being
their reduced weight and lower unit cost. Porous plastics are manufactured from thermoplastic
polymers, the most common type being high-density polyethylene (HOPE) and styrene-
acrylonitrile (SAN). Flexible membranes are the most recent addition to diffuser technology
although their use in the UK is limited compared to Europe where they have gained wider
acceptance. The flexible membrane consists of a thin sheet of either soft plastic or synthetic
rubber. Air passages are created by perforating the material with slots or holes which then
expand when compressed air is applied and act as variable apertures (WPCF, 1988).
Due to the financial implications of an under-performing system it is common practice within 
Europe for the aeration capacities of newly installed equipment to be specified as the oxygen 
transferred to clean water under standard conditions (ASCE, 1991). To verify the performance, 
clean water non-steady state oxygen transfer performance testing is usually undertaken as part 
of the commissioning process. This provides valuable data upon the efficiency of the system 
and, because of this requirement, considerable data exists on the performance characteristics of 
new installations. However, once the plant is commissioned, very little is known about how 
different diffusers perform over time under process conditions, and thus whether clean water 
data is truly representative of operational performance.
Thames Water holds considerable data regarding the clean water performance of diffusers in 
site-specific installations and from diffuser manufacturers. However, due to the difficulties 
involved with the acquisition and present quality of operational data, little is known about the 
performance of diffusers throughout their operational life. In fact, there is no published 
information as to the expected lifetime of particular diffusers.
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4.2.1 Fouling of Fine Bubble Diffusers
Fine bubble diffused aeration systems have experienced reductions in operational performance 
over time due to factors such as fouling, age, material degradation and operational and 
maintenance regimes (WPCF, 1988). The fouling of diffusers is typically divided into air side 
fouling or liquid side fouling and is reported to be dependant on the type of wastewater and as 
such has been reported as being highly site specific (Egan-Benck et a!., 1993; Boyle and 
Redmon, 1983).
4.2.1.1 Air Side Fouling
Air-side fouling is the result of poor air preparation, ingress of activated sludge mixed liquor 
into the submerged air headers or the degradation of the air supply pipe work, blowers or 
valves (WPCF, 1988). The latter may result in rust from the pipe work, materials from the 
blowers or silencers, or concrete dust or other construction debris being filtered out of the air 
and accumulating on the air side of the diffuser. Any of these deposits will increase the 
dynamic pressure loss across the diffuser and so lead to increases in the power consumption 
per unit air flow, thus reducing the oxygen transfer efficiency in terms of the mass of oxygen 
transfer per unit of power. The continuing air flow will tend to drive any airside deposits 
further into the diffuser matrix thus exacerbating the condition. Clearly air side fouling can be 
easily controlled through the correct specification of filtering systems and pipework materials, 
supervision of any installation work and thorough maintenance of the aeration system (EPA, 
1989).
4.2.1.2 Liquid Side Fouling
Liquid side fouling can be classified due to the type of accumulation of material at the diffuser 
as organic or inorganic.
4.2.1.2.1 Organic Fouling
Organic fouling is caused by the growth of micro-organisms on the diffuser surface or within 
the diffuser matrix. It has been linked to operation at high organic loads particularly high 
soluble BOD loads, operation at low dissolved oxygen (DO) concentrations and low air flow 
rates per diffuser (WPCF, 1988; Brenner and Boyle, 1987). These conditions often occur 
simultaneously at overloaded plants and one condition can often lead to the onset of others. 
An example of this is that higher than design loads may cause low dissolved oxygen 
concentrations that in turn may lead to biofouling. This in turn may reduce the airflow per 
diffuser, which will further reduce the dissolved oxygen concentrations. Tapered aeration 
where aeration intensity is increased at the Inlet of the aeration lane attempts to address the 
problem of satisfying the very high oxygen requirements.
Low airflow rates per diffuser will reduce the liquid motion in the proximity of the diffuser which 
will increase the opportunities for net biomass attachment. Low air rates may also lead to 
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poor distribution of air across the diffuser giving rise to sites that are preferential for the 
establishment of biomass on or ingress into the quiescent areas of the diffuser. Low air flow 
rates leading to low bulk dissolved oxygen concentrations may also increase the dissolved 
oxygen differential between the diffuser surface and the bulk liquid, further promoting the 
diffusers as an active biomass growth site. The existence of organic fouling within the diffuser 
matrix will reduce pore size, which will serve to increase the headless across the diffuser and 
further reduce efficiency.
Organic fouling has often been observed as a deposit across the surface of the diffuser. 
Houck and Boon (1981) reported biofilms, or sliming, on diffusers in zones of high volumetric 
organic loading and low dissolved oxygen. They found that this did not in itself lead to an 
increase in headless across the diffuser but would modify the bubble formation process 
resulting in the production of larger bubbles and subsequent reduction in oxygen transfer due 
to the decrease in the air/water interfacial area and increase in the bubble rise velocity.
4.2.1.2.2 Inorganic Fouling
Inorganic fouling results from the wastewater chemistry and the precipitation reactions 
occurring as the redox conditions in the wastewater change and as slight pH modifications 
occur resulting from the gas stripping of carbon dioxide and resultant changes in the 
carbonate equilibrium. In hard water areas there is potential for deposition of calcium and 
magnesium carbonates as a result of the changes in alkalinity. Morgan (1959) examined the 
rate of fouling due to the precipitation of calcium hydrogen carbonate. Hard water was 
produced by bubbling CO2 through a lime suspension with the precipitated bicarbonate and 
lime being allowed to settle out. The clarified hard water (650mg/l as CaCOs) was fed to the 
test tank. A rapid increase in the pressure loss across the diffuser was observed, rising from 
5” to 25"-40" water gauge (12mb to 64-102mb). Houck and Boon (1981) noted that calcium 
carbonate scale was a significant problem in their study of Basingstoke sewage treatment 
works. Light scaling was also observed at Mogden STW and Beckton STW. All three plants 
receive water with a similar hardness (250-300 mg/l as CaCOg) but only Basingstoke had an 
alkalinity in a similar range.
Kim and Boyle (1993) studied both biological fouling and chemical precipitation in a small 
bench-scale diffuser. In order to simulate chemical fouling the small scale diffuser (1.27cm 
diameter) was operated in 5 litres of hard tap water (450mg/l as CaCOg). To promote 
precipitation, the pH of the water was adjusted to >8.5 by the addition of NaOH. The feed 
water was replaced daily in order to maintain the supply of calcium and magnesium ions. 
Over a period of twenty days the dynamic wet pressure of the diffuser was observed to 
increase by a factor of 5 with a subsequent reduction in bubble size as determined by 
photographic techniques. Analysis of the deposits upon the diffusers confirmed that the 
precipitate was largely calcium carbonate. In reporting their results, Kim and Boyle
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recognised that the scale-up of these experiments may not be entirely justified as the surface 
area of the diffuser may have an influence on fouling. Very severe fouling at the Nine Springs 
STW, Winsconsin, were investigated by Hung and Boyle (1999) who focused on the internal 
fouling of diffusers. They found that inorganic precipitates were present in a band 10-15mm 
below the surface of the diffuser media. Two types of fouling were identified, a loose 
structure that was thought to be organic and a more compact structure that consisted mainly 
of calcium. Above and below this band, there was little fouling evident. The authors 
hypothesised that the band was a due to a combination of the mixed liquors penetrating the 
diffuser during power failures and the inevitable wetting and drying that occurs within the 
diffuser as the airflow is varied to accommodate the oxygen demands of the process.
The addition of inorganic coagulants such as aluminium and in particular iron for phosphorous 
removal further complicates the precipitation equilibria and may result in accelerated rates of 
inorganic fouling. The practice of ferrous iron addition to the aeration lanes for phosphorous 
removal can potentially increase fouling if there is a low bulk dissolved oxygen concentration 
and relatively high dissolved oxygen concentrations in the proximity of the diffuser. Under 
these conditions the oxidation of soluble ferrous iron to Insoluble ferric iron in the proximity of 
the diffuser may lead to deposition on the diffuser or the growth of iron oxidising bacteria 
attached to the diffuser. In a study of eleven European activated sludge plants that utilised 
polyethylene fine pore disc and tube diffusers, Houck (1994) concluded that the worst fouling 
conditions were encountered at sites where ferrous sulphate was used to precipitate 
phosphorous from incoming wastewater. In his study of fouling of tube diffusers, Morgan 
(1959) found that metal ions present in water could cause a rise in the back-pressure of 
operational diffusers.
Although there have been attempts to quantify the performance, at various stages over the 
operational life of diffusers they have been largely unsuccessful due to inherent inaccuracies 
of the monitoring methods employed, and the site-specific nature of the investigations (Fisher, 
1997). The lack of reliable data has also been compounded by inefficient management 
systems, and where monitoring equipment does exist, it has not been maintained or the data 
accurately recorded. Therefore there is a requirement for a coherent and co-ordinated 
approach to data collection in order to fill the current knowledge gaps with regard to diffuser 
fouling and its impact on operational performance over time. Such an approach is provided in 
section 4.4.
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4.3 Diffuser Characterisation and Performance Monitoring
Several tests have been developed to assess the performance of air diffusers in wastewater 
treatment. These tests started as early as 1941 when an intensive study of diffusers was 
carried out as a result of clogging difficulties encountered at the Southwest sewage treatment 
works in the Sanitary District of Chicago (Anderson, 1950). The concept of diffuser testing 
continued to expand with the use of two simple methods, firstly that of taking pressure 
readings and secondly a comparison of the respective amounts of air required to achieve the 
same level of dissolved oxygen in the effluent. These very simple, but fairly inaccurate tests 
were in principle based upon the same theories of the modern Dynamic Wet Pressure and 
Oxygen Transfer tests, with pressure loss being a measure of clogging (fouling) and the 
dissolved oxygen concentration a measure of the oxygen transfer.
A number of tests and analytical procedures have been developed to characterise the 
performance of diffusers. The most commonly accepted tests are summarised below.
4.3.1 Dynamic Wet Pressure (DWP)
Pressure loss is an important characteristic in evaluating porous media and has been used as 
an indicator for fouling of diffusers for many years. Anderson (1950) noted that the Sanitary 
District of Chicago used pressure readings to compare the fouling tendency of diffusers in 
several works in the 1940's. The dynamic wet pressure (DWP) is the pressure differential 
(headless) across the diffuser element when operating in a submerged condition (EPA, 1989). 
As a general rule, smaller orifice sizes produce smaller bubbles but produce higher DWP 
losses. Whilst smaller bubbles may lead to improvements in oxygen transfer, the additional 
power required to overcome the higher headless may negate any potential savings.
DWP can be measured in the laboratory or in the field, however accurate field measurements 
are usually more difficult to obtain. The device for monitoring DWP on-line utilises three 
pressure tappings that measure the headless across the diffuser element although it is also 
possible to estimate the airflow rate through a diffuser based on the headloss across the 
control orifice. The laboratory tests are conducted in a basin as illustrated in figure 1 (EPA, 
1989). Diffusers to be tested in the laboratory should be kept wet during transportation In 
order to prevent changes In the nature of the foulant from occurring. It is important that 
porous media be allowed to soak for several hours prior to testing to enable the pores to 
become fully saturated. As the headloss is a function of the degree of saturation of the 
porous structure, a different headloss curve will be obtained If the airflow rate is increased 
from a low rate to a high rate, or vice versa. This hysterisis is a function of the water 
contained within the porous structure being purged. Usually a control orifice is used to aid the 
airflow distribution throughout the aeration system, however in conducting the test it is 
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important that the apparatus is set up so that the pressure losses across the orifice are not 
included in the DWP determination. Orifice losses can be high and may mask the pressure 
losses associated with the media being tested and so result in a false DWP measurement. 
Although the specific value of DWP is dependent upon the airflow rate, the material type, the 
diffuser thickness and its surface properties (WPCF, 1988), for ceramic and porous plastic 
materials the headloss against airflow relationship is linear over the typical operating range 
with a relatively shallow gradient in the clean condition. The DWP of fine bubble diffusers is 
typically higher than that of coarse bubble diffusers due to the smaller pore sizes (Hosowaka, 
1987) and as the airflow is increased the DWP is also found to increase for both types of 
diffuser.
The dynamic wet pressure may be used as a measurement of diffuser fouling (Egan-Benck et 
al., 1993; Hosokawa, 1987). An increase in the DWP indicates that the diffuser pores are 
becoming clogged. This may be reflected in aeration surface bubble pattern which will 
become coarse at high DWP readings. Boyle and Redmon (1983) found that a severe 
biological slime resulted in a dramatic increase in DWP. They also noted that as the diffuser 
became clogged the DWP would slowly rise to a point where only a limited number of pores 
were carrying the air, after this point, the pressures would rapidly rise. At this stage, coarse 
bubbling may commence or significant short-circuiting of air past gaskets or around bolts may 
occur. At these high pressures, a continuous stream of bubbles may be produced from these 
regions and the diffuser would no longer be seen to behave as a fine pore device but instead 
approaches that of a coarse bubble diffuser (Boyle and Redmon, 1983).
The DWP provides an indication of the bubble release pressure. As the measurement is 
taken across the entire diffuser it has the potential to be unrepresentative when a diffuser is 
partially fouled as air may short-circuit the fouled area and thus the DWP may not indicate the 
true condition of the media.
4.3.2 Unsteady State Clean Water Oxygen Transfer Test
The rationale and procedure for the unsteady state clean water oxygen transfer test are 
presented in section 3.
It is, however. Important to highlight the limitations of oxygen transfer testing in determining 
the degree of fouling of fine bubble diffusers. If SOTE data is to be used for comparative 
purposes, (i.e. clean diffuser performance versus fouled diffuser performance) it is essential 
that similarity be maintained during data collection. This generally requires all data to be 
measured using the same equipment and test configuration, and as such will require the 
periodic removal of diffusers from a particular live installation for testing to take place. This 
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requirement for the removal precludes SOTE testing from the use as an on-line monitoring 
technique.
4.3.3 Techniques for the Characterisation of Fouiants
4.3.3.1 Induced Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)
Atomic emission spectroscopy (AES) utilises a quantitative measurement of the optical 
emission from excited atoms to determine the elemental concentration within a sample 
(McGraw Hill, 1997). Atoms in solution are aspirated into the excitation region where they are 
vaporised and atomised by a flame. These high temperature atomisation sources provide 
sufficient energy to promote the atoms into high energy levels. The atoms decay back to 
lower levels by emitting light. Since the transactions are between distinct atomic energy 
levels, the emission lines in the spectra are narrow. Since all atoms in a sample are excited 
simultaneously, they can also be detected simultaneously. For the sample to be converted 
into free atoms, a high-temperature excitation source is required. In order to achieve this 
conversion to free atoms, the sample is nebulised and entrained in the flow of a plasma 
support gas, which is typically argon. The support gas transports the sample to the excitation 
source. An inductively-coupled plasma (ICR) is a very high temperature (7000-8000K) 
excitation source that effectively vaporises, excites and ionises the atoms. The atomic 
emission lines are then selectively monitored by a high-resolution polychromator.
4.3.3.2 Energy Dispersive X-Ray Analysis (EDAX)
This technique is used in conjunction with a scanning electron microscope. An electron beam 
strikes the surface of a conducting sample. The energy of the beam is typically in the range 
of 10-20keV. This causes X-rays to be emitted from the material with the energy of these 
emitted X-rays being dependent upon the material under examination. The X-rays are 
generated from a region about 2 microns in depth, and thus EDAX is not a surface science 
technique. The detector used in EDAX is a Lithium drifted Silicon detector and must be 
operated at liquid nitrogen temperatures. When an X-ray strikes the detector, it will generate 
a photoelectron within the body of the silicon. As this photoelectron travels through the 
silicon, it generates electron-hole pairs. The electrons and holes are attracted to opposite 
ends of the detector with the aid of a strong electric field. The size of the current pulse thus 
generated depends upon the number of electron-hole pairs created, which in turn depends on 
the energy of the incoming X-ray. Therefore, an X-ray spectrum can be acquired which 
provides information on the elemental composition of the material under investigation.
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4.4 Experimental Rationale
In order to obtain the necessary data to fill the shortfall in the knowledge gap with regard to 
diffuser performance over time the most suitable methodology was divided into two stages.
The first stage consisted of data collection from full-scale, operational sites. An initial search 
for historic data showed great variability in data quality, in order to ensure the standardisation 
and quaiity of data, the need for investment in suitable instrumentation and data logging 
equipment at many sites was identified. Unfortunately, this level of investment was beyond 
the scope of this project and thus only limited information was available.
The advantage of this full-scale approach was that in the short term it required the least 
resources, the majority of work being a desk study and site investigation. It also provided an 
opportunity to review how the blower selection impacts upon aeration efficiency. Important 
information about operational and maintenance regimes also came to light. The limitation of 
the full-scale approach was that each site typically had only one type of diffuser, which was in 
turn exposed to very site-specific conditions. This meant that any collected data was of 
limited use. The lack of direct control over the process and operational variables were also of 
concern, however they did reflect the ‘true’ operational picture.
Factors that were highlighted by the full-scale Investigation were then investigated in greater 
detail in the controlled environment of the laboratory. A pilot-scale experimental programme 
was established where sets of diffusers were exposed to operational and wastewater 
characteristics that were believed to influence diffuser performance. This more detailed 
approach had the advantage of providing data on a range of diffusers, unlimited by those 
used in operations, which were directly comparable. A pilot-scale programme also allowed 
some of the effects of operational variables such as airflow rates, dissolved oxygen levels, 
organic loading and process configuration upon diffuser fouling and thus on diffuser 
performance to be evaluated.
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4.5 Experimental Samples
During the course of the project the opportunity to test various diffusers from full-scale 
installations arose. A brief summary, where known, of the operational history of each of these 
sample sets is given below.
4.5.1 Beckton STW
A set of nine Hawker-Sidley fine bubble 7” ceramic domes were removed from along the 
length of an aeration lane of Beckton wastewater treatment plant (ASP 3) in East London. 
The length of service of the domes is believed to be in the region of twenty years and 
although the history regarding in or ex-situ cleaning is not known, it is likely that they had 
been removed for refiring or surface skimming on at least one occasion. The diffusers were 
labelled from A to I, diffuser A being situated in the high rate zone, closest to the inlet of the 
plug-flow plant; diffuser 1 being from the low rate zone, closest to the outlet.
The Beckton diffusers were analysed for standard oxygen transfer efficiency, dynamic wet 
pressure measurement, and for inorganic scaling using induced coupled plasma atomic 
emission spectroscopy (ICP-AES).
4.5.2 Aldershot STW
A set of Porvair plastic 7” dome diffusers were removed from along the length of an aeration 
lane (lane 3) of Aldershot STW In October 1999. The domes were installed in November 
1996 during the conversion of the plant to a biological nutrient removal (BNR) configuration. 
The inability of the installed aeration equipment to meet the oxygen demands of the process 
in October 1999 led to the investigation into the performance of the installed diffusers. 
Aldershot STW was reported to suffer from frequent power outages which would often be in 
excess of 30 minutes duration. It was hypothesised at the time that the loss of power to the 
aeration equipment could be a significant factor in the rapid deterioration in oxygen transfer 
performance of the installed aeration equipment.
The Aldershot diffusers were analysed for standard oxygen transfer efficiency, dynamic wet 
pressure measurement, and for Inorganic materials using induced coupled plasma atomic 
emission spectroscopy (ICP-AES).
4.5.3 Oxford STW
A series of Porvair 7” plastic dome diffusers were removed from along the length of an 
aeration lane (ASP 1) at Oxford STW in April 2000. Following the Introduction of ferrous 
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sulphate addition to enable the removal of phosphorous from the incoming wastewater there 
had been a significant drop-off in the oxygen transfer performance of the installed aeration 
equipment leading to increased power consumption and an inability to supply the oxygen 
demands of the process. These factors, along with a significant amount of coarse bubbling 
that was observed at the surface of the aeration lane, led to the aeration lane in question 
(ASP 1) being drained to facilitate the removal of a sample of diffusers.
The Oxford diffusers were analysed for standard oxygen transfer efficiency, dynamic wet 
pressure measurement.
4.5.4 Diffuser Fouling Test Rigs
As well as diffusers removed from full-scale operational sites, there was a significant amount 
of data on the DWP performance of two test rigs which were installed to supply data to a 
collaborative research project on diffuser fouling. This project, a collaboration between 
Thames Water, Anglian Water, Severn Trent Water, Porvair Technologies and Sheffield 
University; is also funding a PhD research project at Sheffield University. As a member of the 
research group, Thames Water has the following objectives to investigate:
• To establish whether ferric or ferrous dosing for phosphorous removal causes or 
increases the rate of diffuser fouling;
• To investigate the predominant cause of fouling (organic or inorganic);
• To identify whether diffuser material affects the propensity for fouling.
In order to obtain the data necessary to achieve these objectives, a test rig that could be 
installed into operational aeration lanes was designed and built. The test rig had the 
capability for the dynamic wet pressure to be measured in-situ. Each rig comprised of two air 
headers, each with three diffusers, one equipped with 7" ceramic domes the other with 7” 
plastic domes. Each air header could be individually controlled with regard to airflow and 
individual pressure tappings allowed DWP to be measured on each of the six diffusers on the 
rig. The rigs were designed by Adrian Mercer and constructed by Thames Water Research 
and Development. In total, seven such test rigs were installed amongst the project partners, 
with Thames Water being responsible for two Installations. These test rigs were installed in 
late summer 1999 and are intended to be monitored for approximately three years, hence the 
results reported here are only interim.
The sites that the Thames Water test rigs were installed at were Henley-on-Thames and 
Oxford (ASP 3). Both sites are fully nitrifying, plug-flow plants. The test rigs are located near 
to the inlet of the high rate aeration zone at a depth approximately 1m above the main plant 
diffusers. The plant loadings and water chemistry, in particular hardness are similar (typically 
400mg/l as CaCOg). The difference between the sites is that Oxford STW uses ferrous 
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chloride addition to the settled sewage to achieve phosphorous removal, whereas Henley 
does not require phosphorous removal.
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4.6 Experimental Procedure
4.6.1 Removal of Fouled Fine Bubble Diffusers
• Airflow was maintained through the diffusers as the lane was drained down, decreasing 
the flow as required in order to maintain a reasonable flow rate.
• Once the level was below the diffusers, the air was turned off to prevent the diffusers from 
drying out.
• The position of diffusers to be removed was recorded, with any visual observations which 
may be pertinent being noted.
• As soon as possible, the diffusers were removed and placed into polythene bags 
(preferably black to prevent exposure to light). Each bag was secured with a cable tie in 
order to retain moisture within the diffuser and labelled with the diffuser site and location.
• A minimum of two diffusers were removed from each different diffuser grid. (i.e. high rate 
zone, medium rate zone, low rate zone).
• Any comments regarding the age of the diffusers and their operational regime, such as 
iron dosing rates, regularity of power outages/blower failure, problems with maintaining 
D.O. etc which could provide an insight to the reasons for fouling were also recorded
4.6.2 Measurement of Dynamic Wet Pressure (DWP)
The design of the test apparatus and the procedure employed for the measurement of 
dynamic wet pressure was based upon the test methodology as described in the EPA Design 
Manual (EPA, 1989).
4.6.2.1 Apparatus
A schematic representation of the apparatus used is given in figure 63.
The tank was filled using a potabie public water supply to a level such that a head of water of
0.3m above the diffuser was achieved. The manometers used were Digitron 0-2000mbar 
digital manometers. The pressure regulator was set to 0.7bar in order to maintain a constant 
pressure in the compressed air supply line and allow for a maximum airflow rate of 1001/min.
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Plastic flexible tubing (6mm external diameter) was used for the pressure sensing lines and 
the bubbler pipe. The lower end of the bubbler pipe was positioned such that it vented at a 
point level with the top of the diffuser. This was done in order to account for the static head of 
water above the diffuser.
Pressure tappings were located in the diffuser saddle and in the air header through which the 
air supply was provided.
Air
Bubbler Pipe
Regulator 1 f
]H ) Rotameter Water Surface
Pressure Sensing 
Lines Diffuser 
4 - Saddle Stainless Steel TrayManometers
Figure 63 Experimental Arrangement of DWP Test Rig
4.6.2 2 Pre-test Procedure
Prior to the commencement of any testing, the following procedure was observed;
• Diffusers were soaked in potable water for 24 hours prior to testing. This ensured that all 
pores were fully saturated, providing the maximum opportunity for the diffuser material to 
become fully-wetted.
• The diffuser to be tested was secured to the saddle and tightened in accordance with 
manufacturer's guidelines for installation.
• The airflow was set to the minimum value, and the filling of the tank with water from a 
potable public supply commenced. As the water level reached the diffuser, checks were 
made to ensure that a sufficient seal between the diffuser and saddle had been achieved. 
When necessary, the diffuser was re-fitted.
•  The tank is then filled to the required level (0.3m above diffuser).
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4.6.2.S DWP Test Procedure
The procedure for undertaking DWP measurements was:
1. Manometer lines were purged to remove any moisture and meters were zeroed in 
accordance with manufacturer’s instructions.
2. The airflow to the bubbler was set to 0.5 l/min. This airflow was sufficient to ensure a
steady flow of bubbles without inducing significant pressure losses.
3. The airflow to the diffuser was set to 201/min and allowed to stabilise prior to readings 
being recorded.
4. The airflow rate was then increased to 301/m in and allowed to stabilise prior to recording 
the measurement.
5. This procedure was repeated for 40, 50, 60, 70 and 80 l/min.
6. The airflow rate was then decreased by increments of 101/m in back to 201/min with
pressure reading being recorded at each step,
7. Steps 3 to 6 were undertaken for a total of three times and the obtained values averaged.
4.6.3 Non-Steady State Clean Water Oxygen Transfer Testing
The procedure for the non-steady state oxygen transfer testing of diffusers was performed in 
accordance with the ASCE standard; Measurement of Oxygen Transfer in Clean Water, 
(ASCE, 1991) and is described in section 3.
4.6.4 Measurement Protocol for Diffuser Fouling Test Rigs
The protocol below outlines the procedures for gathering data from the diffuser fouling test 
rigs at Henley on Thames and Oxford STW. DWP readings are recorded monthly and 
wastewater samples taken from the settled sewage are used to construct a database of 
wastewater quality at each location. A schematic diagram of the diffuser fouling rigs is 
presented in figure 64.
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Figure 64 Schematic Diagram of Diffuser Fouling Rig
4.6.4.1 Standard Operating Conditions
Diffusers: Each diffuser header to be supplied at 80 l/min of air via tappings in the plant 
air main. After all measurements are complete, the airflow should be reset to 
this value.
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Bubbler Pipe: Each bubbler pipe to be supplied with air at 0.5 l/min for both normal
operation and measurement.
4.6.4.2 Measurement Protocol
1. Ensure that all lines are purged to remove any condensation from the lines.
2. Connect the manometer across the bubbler pipe (green) and a diffuser (red, yellow or 
blue).
3. Open the zero valve between manometer tappings and equalise pressure in lines.
4. Zero manometer.
5. Set airflow through bubbler tube to 0.5 l/min.
6. Open valves from bubbler pipe (green) and diffuser (red, yellow or blue) to manometer.
7. Set main airflow rate to 40 l/min and allow to stabilise. Record pressure reading from 
manometer.
8. Increase airflow to 60 l/min and record pressure reading. Repeat at airflow rates of 80, 
100, 120 l/min. At each airflow rate, the reading must be allowed to stabilise prior to 
recording.
9. Decrease the airflow rate by increments of 20 l/min, recording pressure readings on 
manometer.
10. Repeat steps 7,8 and 9 twice, giving 3 sets of data in total.
The above procedure should be repeated for the remaining diffusers.
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4.7 Results
4.7.1 Beckton STW
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4.7.2 Oxford STW
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4.7.3 In-Situ Dynamic Wet Pressure Measurements
4.7.3.1 Henley STW
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4.7.4 Diffuser Fouling Rig Standard Oxygen Transfer Efficiency
4.7.4.1 Henley STW
In order to investigate any link between the increase in dynamic wet pressure and changes in 
oxygen transfer efficiency, it was decided to temporarily remove one of the diffuser fouling 
rigs after a suitable period of operation.
The diffuser fouling rig installed at Henley STW was removed on 20“’ June 2000, 335 days 
after installation. All diffusers were photographed (figures 80-85) and taken to Thames 
Water’s research facility in order to undertake standard oxygen transfer tests. Prior to testing 
all diffusers were stored in a refrigerator at 5°C. The opportunity was taken to cross check 
the dynamic wet pressures measured in-situ with those recorded under laboratory conditions. 
These results are presented in table 5 and 6. Due to time constraints, only four of the six 
diffusers were able to undergo SOTE testing, the results of which are presented in figure 79.
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Figure 79 Comparison of Standard Oxygen Transfer Efficiency for Henley Diffuser 
Fouling Rig -  335 Days In Operation
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4.7.5 Henley Diffuser Fouling Rig -  Photographs After 335 Days In Process
FIgureSO Plastic Red Diffuser Figure 81 Ceramic Red Diffuser
Figure 82 Plastic Yellow Diffuser Figure 83 Ceramic Yellow Diffuser
Figure 84 Plastic Blue Diffuser Figure 85 Ceramic Blue Diffuser
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4.7.6 Comparison of Field and Laboratory Dynamic Wet Pressure Measurements
In order to assess the suitability of using in-situ measurements of dynamic wet pressure, it 
was decided to compare the results obtained from the diffuser fouling rig installed at Henley 
STW against the laboratory readings obtained when the diffusers were temporarily removed 
for standard oxygen transfer efficiency testing. The results are given in tables 1-2.
Table 5 Comparison of In-Situ and Laboratory DWP Measurements for Henley Ceramic
Diffusers -  335 Days in Operation
1,7m3/hr/diffuser 2.55m3/hr/diffuser
Diffuser Laboratory in-Situ Laboratory In-Situ
Red 29.4 13.5 35.3 17.3
Yellow 31.8 15.1 40.1 18.5
Blue 36.8 16.5 47.7 21.2
Mean 32.6 15.1 41.1 19.0
Table 6 Comparison of In-SItu and Laboratory DWP Measurements for Henley Plastic
Diffusers -  335 Days In Operation
1.7m3/hr/diffuser 2.55m3/hr/diffuser
Diffuser Laboratory In-Situ Laboratory In-Situ
Red 108 124 154 182
Yellow 115 139 167 209
Blue 153 122 225 192
Mean 125 128 182 194
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4.8 Discussion
4.8.1 Diffusers from Fuii-Scaie Operationai Sites
4.8.1.1 BecktonSTW
Visual observations found the diffusers removed to be covered with a significant amount of 
biological slime growth that was brownish-grey on the surface and black at the diffuser 
interface.
Figure 68 illustrates the standard oxygen transfer efficiency (SOTE) of the Beckton ceramic 
diffusers for the airflow range of 1.0 -  1.8 m^hr/diffuser of normalised air (1.01325b, 20°C) 
determined at an immersion of 3.73m, compared to the typical clean water performance of a 
similar ceramic dome fine bubble diffuser. It is evident that ail of the Beckton diffusers have a 
significantly reduced SOTE capacity. This reduction in SOTE varies from 8 to 43%. In 
general, it can be seen that that the closer the diffuser was to the inlet of the plant, i.e. the 
higher the biological oxygen demand (BOD), the greater the inhibition of oxygen transfer 
efficiency. This observation is in agreement with previous studies (EPA, 1989; Kim et al., 
1993).
As the visually observed levels of biological growth on the diffusers from the iow-rate zone 
(diffusers G, H, I) were similar to the diffusers from the high-rate zone (diffusers A, B, C) it 
was expected that the inhibition of oxygen transfer would have been of the same magnitude. 
Although the diffusers from the Iow-rate section of the plant exhibited a degree of SOTE 
inhibition (8-12%) it did not compare to the 35-40% observed for the diffusers from the high- 
rate zone. This would indicate that the presence of biological slimes may not be as 
detrimental to SOTE as first assumed. This observation is supported by Houck and Boon 
(1981) who reported that the formation of a biofilm did not lead to increases in headless, 
however this was countered by Boyle and Redmon (1983) whom reported to the contrary.
Figure 69 shows the dynamic wet pressure (DWP) measurements for all of the Beckton 
diffusers. All of the diffusers demonstrated higher DWP measurements than a comparable 
clean diffuser. The diffusers closest to the inlet of the plant (diffusers A, B, G) showed that at 
higher airflow rates they had the highest DWP. These observations are again in agreement 
with previous studies (Egan-Benck et a!., 1993; Hosokawa, 1987; Boyle and Redmon, 1983). 
Visual observations of the bubble patterns during the DWP measurements showed poor, 
uneven bubble coverage at low airflow rates. Similar observations for the bubble patterns 
were made for the diffusers in the medium and Iow-rate zones (diffusers D-l), all of which also 
displayed significantly higher DWP measurements than the clean diffuser.
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The data from the ICP analysis provided a quantitative result of the amounts of various 
elements present. All diffusers were tested for Sodium, Magnesium, Aluminium, Potassium, 
Calcium, Iron, Copper, and Zinc. Only Magnesium, Iron and Calcium showed significant 
differences between the Beckton diffusers and the clean diffuser. The results for these 
analyses are given in figures 65-67. Figure 66 illustrates that calcium is the main inorganic 
foulant to be found in the Beckton diffusers. It is believed that the high levels of calcium and 
magnesium can be attributed to the extended period of service that the diffusers have 
undergone in a hard water area, leading to limescaie formation within the porous structure of 
the diffusers. These observations are consistent with previous studies (Morgan, 1959; 
Hartley and Gobble, 1990). The levels of both calcium and magnesium can be seen to be at 
their highest in the iow-rate zone (diffusers H, I). A possible explanation for this observation 
is that at this point in the process, significant variations in the airflow per diffuser from very 
high to very low or zero airflow may be occurring. Airflow to the medium and iow-rate zones 
of plug flow aeration plants are traditionally controlled by dissolved oxygen control systems. It 
is not uncommon when the D.O. probes go out of calibration for the airflow to oscillate 
between the high and low set points. This type of action will cause the diffuser structure to 
become flooded at very low airflows and fully purged at high airflows. This flooding / purging 
cycle will result in the diffuser being wetted and the dried periodically, it is possible that these 
conditions could increase the potential for scaling to occur and this hypothesis is supported by 
Hung and Boyle (1999).
At very low dissolved oxygen levels, the amount of oxygen transfer that can occur during the 
bubble formation process can be significant (Clift et al., 1979). With oxygen transferring from 
the gas phase to the bulk liquid phase there will an equivalent transfer of carbon dioxide from 
the bulk liquid phase to the gas phase. This gas stripping may well lead to localised 
increases in pH which, if sufficiently high enough, may result in the precipitation of inorganics 
present in solution.
4.8.1.2 Aldershot STW
The plastic domes removed from Aldershot STW were visibly dished in the centre around the 
orifice bolt which was probably due to either over-tightening at installation or from the plastic 
creeping over time. This presented some difficulties in obtaining accurate DWP 
measurements due to significant amounts of air leakage from the between the diffuser rim 
and the gasket. This phenomenon in operation will result in coarse bubbling and has been 
observed at several full-scale operational sites. SOTE results will also be affected by coarse 
bubbling due to the increase in mean bubbie size resulting in a decrease in overall interfacial 
area available for oxygen transfer to occur across.
Analysis of the results for the inorganics contained within the Aldershot diffusers show 
increased levels of iron, calcium and magnesium (figures 7-9). Although the sample taken
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from the medium rate stage of the process shows the highest amounts of all these elements, 
no obvious reason for this is apparent. The increase in the level of iron is potentially due to 
excess iron salts being present following the precipitation of phosphorous. The release of 
phosphorous from the wastewater is also likely to account for the increased levels of 
magnesium observed in the sample diffusers. Jardin et a/.(1994) found that the release and 
uptake of phosphorous is accompanied by the release of potassium and magnesium with a 
molar ratio of 0.3 (AK/AP) and 0.26 (AMg/AP). Calcium is again present in high levels (up to 
14,000 mg Calcium per kg diffuser) and is attributable to the hardness of the local water 
(typically 400mg/l as CaCOs). The inorganic foulant analysis was performed by EDAX, which 
uses small samples of diffuser. This may invoke errors if the sample chosen is not 
representative of the whole diffuser and thus caution should be exercised when interpreting 
data.
The SOTE data from Aldershot STW (figure 73) suggests that the fouling has reduced the 
oxygen transfer efficiency by 14-28% when compared to the clean water performance of a 
new plastic dome diffuser. The worst affected diffuser is the one removed from the iow-rate 
zone, which perversely has the lowest DWP, with the least affected being the diffuser from 
the high rate zone which had the highest DWP.
The measured DWP data for all the Aldershot diffusers (figure 74) is considerably higher than 
that of a clean diffuser. The diffuser from the high-rate zone, closest to the inlet demonstrated 
the highest DWP, with the diffuser located in the Iow-rate zone having the lowest DWP. This 
is in agreement with the studies of Egan-Benck et al. (1993); Hosokawa (1987) and Boyle and 
Redmon (1983) who reported that the degree of fouling decreased with increasing treatment.
The operationai problems encountered at Aldershot STW were attributed to the dramatic 
increase in the DWP which resulted in the air blowers being unable to deliver the required 
volume of air due to reaching their maximum operating back-pressure. The increase in the 
DWP across the diffusers (in excess of lOOmb) is the equivalent of the system operating 
against over 1m of extra water head. The consequences of this increase in DWP on the 
theoretical power demand of the installed aeration equipment are discussed later.
4.8.1.3 Oxford STW
Figure 75 shows the standard oxygen transfer efficiency (SOTE) of the 7” Porvair plastic 
dome diffusers removed from ASP1 at Oxford STW compared to the performance of a new 7" 
Porvair plastic dome diffuser, it can be seen that all of the diffusers removed from the 
aeration lane show a significant reduction in SOTE, this reduction varying from 18.7% for the 
medium rate diffuser to 29.3% for the high rate diffuser. Each diffuser demonstrates a 
reduction in SOTE with increasing airflow per diffuser, which is consistent with the findings of 
Hosokawa (1987) and Egan-Benck et al. (1993). The results from Oxford ASP1 do not 
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however, show full agreement with the literature in regard to the degree of fouling decreasing 
as the amount of treatment increases (Boyle and Redmon, 1983). The diffuser sample from 
the medium rate zone has significantly higher SOTE values throughout the whole airflow 
range compared to the diffusers form the high and low rate zones. Owing to the small sample 
of diffusers that underwent SOTE testing, it is not possible to determine whether this trend is 
due to variance within the samples or something more significant.
Figure 76 gives a plot of the dynamic wet pressure of the diffusers removed from Oxford 
ASP1 against airflow per diffuser. Ail diffusers show an increase in DWP with increasing 
airflow and also demonstrate increased levels of DWP when compared to the performance of 
a comparable clean diffuser. The diffusers removed from the high rate zone demonstrate the 
smallest increase in DWP. A possible reason for the lower DWP values of the high rate 
diffusers could be that they were covered in a significant layer of biofilm when compared to 
the diffusers from the medium and low rate zones. It is possible that this layer of biofilm, once 
formed, could have provided a degree of protection to the porous structure of the diffuser 
matrix thus reducing its exposure to the conditions that cause an increase of DWP.
The diffusers from the low rate zone exhibit the largest increase in DWP. This is most likely 
due to the lower airflow rates that would be experienced at this point in the process allowing 
for a greater degree of saturation of the diffuser matrix, thus providing a greater surface area 
for precipitation of inorganic material within the diffuser matrix.
4.8.2 Diffuser Fouling Test Rigs
4.8.2.1 Henley STW
The diffuser fouling rig at Henley STW was removed after 335 days of operation in order to 
investigate the effects of the increase in the dynamic wet pressure as measured in-situ on the 
standard oxygen transfer performance. It was also used as an opportunity to cross-check 
the in-situ DWP with the DWP as measured in the laboratory. Visual observations found the 
plastic diffusers to have a significant amount of sludge and bio-film attached to the diffusers 
with distinct large pores which appear to be bubbie nucléation sites within this layer (see 
figures 80. 82 & 84). The ceramic diffusers were all found to be clear from any bio-film of 
sludge accumulation (figures 81, 83 & 85).
The results of the SOTE testing are presented in figure 79 for a normalised airflow (1.103b, 
20°C) range of 1.0-3.0m^/hr/diffuser. Owing to time constraints, It was only possible to 
evaluate four out of the six diffusers from the test rig, but of those diffusers tested, all of them 
demonstrated a reduction in SOTE when compared to their performance when new. After the 
relatively short period of operation, when compared to their expected operationai life, there is
The Performance of Fine Bubble Diffusers 156
The Fouling of Fine Bubble Diffusers
no great difference between tfie performance of the plastic and ceramic diffusers in terms of 
oxygen transfer. It is intended that the test rig diffusers will be evaluated at regular periods in 
the future to determine how SOTE performance changes with time. This data, when 
combined with the changes of DWP wiil provide essential information in predicting the 
operationai life of diffusers when procuring aeration equipment.
The ceramic diffusers at Henley demonstrated a small initial rise in their DWP (figure 77) for 
the first 10 days of operation and then subsided before commencing a gradual rise over a 
period of some 450 days. The plastic diffusers at Henley underwent a large step-change in 
their DWP within 10 days of operation increasing by almost 200% in this period. Unlike the 
ceramic diffusers, the DWP of the plastic diffusers did not then subside, but continued to rise 
at a steady rate to a value in excess of 120mb, which constitutes a rise of over 500%, 470 
days after being installed. This is compared to a rise of around 60% for the ceramics from 
20mb to 32mb in the same time period. At present, there would appear to be no significant 
change or levelling off of the rate at which the DWP for the plastic diffusers is increasing.
4.8.3 Comparison of in-Situ and Laboratory DWP Measurements
Although there appears to be reasonable agreement between the in-situ and laboratory 
measurements for the plastic diffusers (table 6), the ceramic diffusers (table 5) display a 
significant difference. No definite cause for this difference between the in-situ and laboratory 
results for the ceramic diffusers can be identified, however it Is possible to postulate over 
several points.
The dynamic wet pressure is a function of the bubble size at formation, which is determined in 
part by the surface tension of the bulk phase liquid, it has been found that changes in surface 
tension of the buik-phase liquid have a significant effect on the bubble size at formation for 
ceramic diffusers, reducing the mean bubbie diameter when the surface tension is lowered 
(refer to section 2). Plastic diffusers were found to be less susceptible to changes in mean 
bubble diameter at reduced surface tensions. As the dynamic wet pressure measurements 
taken in-situ are in mixed liquor, it is fair to assume that the surface tension of this buik-phase 
liquid will be lower than for potable water. This assumption is supported by the levels of 
anionic detergents observed in the settled sewage samples taken from site.
The laboratory dynamic wet pressure measurements were taken with the buik-phase liquid 
being potable water. The implication of measuring the DWP in different liquids is at present 
unknown, and will form a part of the future work for the collaborative project.
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4.8.4 Oxford STW
The plastic diffusers on the fouling rig at Oxford after undergoing the step change in DWP 
previously described, then continued to rise at a significant rate, reaching their peak vaiue of 
136mb after a period 85 days in process (figure 78). The mean DWP values of the Oxford 
plastic diffusers have since receded to a value of 106mb, which represents an overall 
increase of 430% when compared to the vaiue upon installation.
The diffuser fouling rig at Oxford STW had been in operation for 330 days when it was noted 
that it was no longer possible to obtain a reading from the header containing the ceramic 
diffusers. In order to investigate this problem, the fouling rig was removed from the aeration 
lane on 12^  ^December 2000. It was evident that one of the saddles for a ceramic diffuser had 
failed resulting in the loss of the diffuser. This in turn had led to the flooding of the header 
with mixed liquor, thus preventing air from passing through the remaining diffusers. The 
header containing the plastic diffusers remained intact and was operational up to the time of 
removal. Owing to the loss of one of the ceramic diffusers, the decision was taken to replace 
all of the diffusers (plastic and ceramic) before returning the rig to operation. Upon removal, 
both the plastic and ceramic diffusers were found to be heavily coated with a thick layer of 
sludge approximately 3-4mm in depth. This sludge layer was red/brown on the surface and 
black at the diffuser surface. It is believed that the colour of this sludge is indicative of the 
presence of iron.
The diffusers were photographed and sent to Sheffield University for laboratory DWP 
measurements to be taken and Scanning Electron Microscopy (SEM) analysis to take place. 
The results of this work are not reported here.
The diffuser fouling rig, equipped with new diffusers, was re-instaiied at Oxford STW (ASP3) 
on 17**^  December 2000. The same measurement protocol is being employed as before and it 
is hoped that the same trends will be replicated.
4.8.4.1 General Comments
it can been seen from figures 77 and 78 that similar trends occurred for the diffuser fouling 
rigs installed at Henley and Oxford. The addition of ferrous chloride for the precipitation of 
phosphorous from the wastewater at Oxford can be seen to have a small impact on the DWP 
measurements at Oxford STW. The initial rise in the DWP at Oxford was greater than at 
Henley (by approximately 20mb). This initial rise was followed by a much steeper rise to the 
maximum vaiue of 135mb, which was achieved at around 80 days, compared to Henley 
where the maximum DWP value was 122mb reached over a period of 470 days.
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Impact of Fouling on Theoretical Power Consumption
In order to allow for comparisons to be made between differing aeration systems, it is possible 
to use the theoretical power consumption to evaluate the performance of diffusers.
Holdsworth and Walker (1958) developed the following equation, based upon polytropic 
compression, in order to calculate the theoretical power consumption of a system
H f =122iiQ
f  0.23/  ^
P\
-1
Equation 4.1
Where Q is the volumetric airflow (m^/s), H, is the theoretical power requirement (watts), n is 
the number of compression stages, p is atmospheric pressure (mmHg) and pc is the 
compressed air delivery pressure (mmHg).
The actual power requirements of a system have to account for the efficiency of the blower 
(compressor). Typical component efficiencies may be taken as; 92% for the electrical motor; 
95% for the coupling or drive and 70% for the compressor unit (ASCE, 1985). These values 
provide overall efficiencies of 58% for drive via gearbox and 61% for a directly driven blower. 
A figure of 60% is commonly assumed (Boon, 1983).
In order to assess the impact of decreases in the standard oxygen transfer efficiency (SOTE) 
and increases in the dynamic wet pressure on the theoretical power requirements of an 
aeration system equation 4.1 has been used as the basis to develop the model in figure 86. 
In order to develop the model, the following assumptions have been made;
• The system blower wiil comprise of a single compression stage {n = 1 );
• Decreases in SOTE will result in an increase in the total volume of air required (Q) in 
order to satisfy the respiratory demands of the process;
e Any increase in the dynamic wet pressure across the diffuser will lead to a direct increase 
in the compressed air delivery pressure (pc).
• The ideal conditions are based upon an initial airflow per diffuser (Q ideai) of 1.8m^/hr, 
SOTE of 6.5%, and a DWP of 15mbar operating at a depth of 3.8 metres.
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Figure 86 Impact of Fouling on Theoretical Power Consumption (0^.., = I.Sm^/hr
/diffuser)
Using the model developed in figure 86, was possible to determine the impact of the decrease 
in SOTE and increase in DWP for the diffusers taken from the full-scale operational site at 
Aldershot. In order to maintain a steady value for the standard oxygen transfer rate (SOTR), 
a decrease in the SOTE requires a subsequent increase in the airflow per diffuser which 
inturn, impacts upon the SOTE. An iterative approach was used in order to achieve 
convergence between these two factors. Once an airflow per diffuser (Qa) and an equivalent 
SOTE value had been determined, it was possible to calculate the dynamic wet pressure that 
the diffuser would operate at in this condition. This DWP value, along with the determined 
airflow, were then used to determine the theoretical power for each diffuser. This process 
was repeated for each of the three zones at Aldershot and the total impact on theoretical 
power determined. The results of these calculations are summarised in table 7.
Table 7 Impact of Fouled Diffusers of Theoretical Power Demand at Aldershot STW
Zone Increase In Airflow to 
Maintain SOTR (%)
DWP at Increased 
Airflow (mbar)
SOTE at Increased 
Airflow (%/m)
Increase in Theoretical 
Power per Zone(%)
High Rate 10.8 74.1 5.87 25.2
Medium Rate 46.9 85.1 4.42 69.6
Low Rate 133.8 105.1 2.66 279.0
In order to determine the overall impact of the effects of fouling on the total theoretical power 
demand of the installed aeration equipment, it is necessary to consider the flow split of the air
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within the aeration lane itself. At Aldershot the process air was divided between the process 
in the following amounts:
• High Rate Zone 50%
• Medium Rate Zone 30%
• Low Rate Zone 20%
When considering the split of the process air, the overall impact on the total theoretical power 
demand is as given in table 8.
Table 8 Impact of Fouled Diffusers on Total Theoretical Power Demand at Aldershot
STW
Zone Increase in Airflow to 
Maintain SOTR (%)
Airflow 
Split {%)
Increase in Total Theoretical 
Power (%)
High Rate 10.8 50 5.4
Medium Rate 46.9 30 14.1
Low Rate 133.8 20 26.8
Total 46.3
Table 8 shows the theoretical power demand for the Aldershot diffusers operating in their 
fouled state. It can be seen that if the standard oxygen transfer rate is to be met and the 
oxygenation requirements of the process be satisfied with the diffusers in this state, then the 
power required to achieve this wiil have to increase by in excess of 46.3%. Aithough the 
design of the aeration equipment and biowers allows for a degree of flexibility, it is highly 
improbable that the air blowers would have been sized to allow for this increase in capacity.
The inability for the installed aeration equipment to supply this increase in power at Aldershot 
led to the failure of the system to be able to provide sufficient oxygen to satisfy the demands 
of the aerobic process and ultimately caused a process failure. This total failure of the fine 
bubble diffusers to deliver the required amount of oxygen to satisfy the demands of the 
process occurred after only 36 months of operation, considerably less than the eight years 
that would typically be expected. The failure of the diffusers resulted in the replacement of 
the plastic diffuser elements with flexible membranes at a considerable capital cost.
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4.9 Conclusions
The performance of fine bubble diffusers was investigated by undertaking a series of dynamic
wet pressure measurements (DWP) and standard oxygen transfer efficinecy (SOTE) tests. It
was found that both techniques could be utilised to monitor the degree of fouling of fine
bubble diffusers.
• Fouling of diffusers was found to increase the DWP when compared against clean 
diffuser performance.
• Fouling was observed to decrease the SOTE when compared against clean diffuser 
performance.
• DWP was found to increase with an increase in airfiow rate, whereas SOTE was found to 
decrease.
• Calcium was found to be the major inorganic foulant of fine bubble diffusers.
• The degree of foulant was found to be related to the position of the diffuser in the 
treatment process. The greater the degree of treatment, the lower the rate of fouling.
• The type of diffuser material was found to play a significant role in determining the extent 
to which the DWP changed when the diffuser was in operation.
• The addition of iron salts for the precipitation of phosphorous appears, on the basis of 
interim results, to increase the rate of fouling of fine bubble diffusers. This increase is 
more evident for diffusers of plastic construction.
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4.10 Continuing and Further Work
As discussed previously, the work reported herein on diffuser fouling forms part of an on­
going collaborative research project that is due to continue until September 2002. As such, 
many of the results reported here are preliminary findings and wili require further investigation 
and validation.
The observations on diffusers taken from fuil-scale operational installations will continue when 
the opportunity to obtain suitable samples of diffusers arises and it is envisaged that this will 
build into a considerable data set over time.
Although the measurement of in-situ dynamic wet pressure has been found to provide a good 
indicator of the state of installed aeration equipment, there stili exists some uncertainty as to 
why large discrepancies sometimes exist between field and laboratory measurements taken 
from the same diffuser. If full acceptance of the use of DWP for in-situ monitoring of diffuser 
performance is to be achieved it is of vital importance that these discrepancies be accounted 
for. It is suggested that in order to achieve this, a programme be formulated to investigate the 
link between the bulk liquid phase characteristics such as surface tension and viscosity as 
soon as possible.
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5.1 Bench Sale Alpha Factor Evaluation
The results of the research into the impact of the depth of immersion on the alpha factor 
indicate that it is not possible to create a bench scale due to the need for the minimum depth 
of immersion to be at least 2m in order to allow the alpha factor to become fully developed. 
This observation explains why previous attempts to create a bench scale alpha test (Bass and 
Schell, 1977; OtoskI and Brown, 1978; Tewari, 1980; Doyle, 1981) have reported significant 
differences between bench and full scale measurements. The minimum depth of immersion 
recommended herein is significantly greater than that used by previous studies.
When undertaking full scale unsteady state aeration testing in the UK for the purpose of 
compliance testing during commissioning, it is common practice to evaluate the installed 
aeration equipment by using final effluent as the test liquid and then comparing the results to 
clean water values. In order to undertake this comparison between clean water and final 
effluent, there is a requirement to determine the correct alpha factor to apply to account for 
any difference in the oxygen transfer performance of the two liquids.
Thames Water have used a portable tower, which is 4m in depth, to evaluate the alpha factor 
of final effluent compared to clean water. There has been some concern that the results 
obtained from this portable tower were not representative of the full-scale scenario. The work 
presented herein refutes this suggestion in that it has been demonstrated that as long as the 
depth of immersion is greater than 2m, then the alpha factor derived will be applicable to all 
depths of immersion up to 6m.
5.2 The Choice of Fine Bubble Diffusers for Full-Scale Installations.
The current practice for the selection of fine bubble diffusers for the aeration of wastewater 
has been based on the assumption that all diffusers behave in the same manner and hence 
and decision can be based purely on the capital cost of equipment. The work presented 
herein has shown that this assumption is incorrect. Although ceramic, plastic and membrane 
diffusers were found to display the same behaviour in clean water conditions, there were 
significant differences observed in their oxygen transfer performance in the presence of 
anionic surfactants. The rate of fouling of diffusers has also been found to be significantly 
different for differing generic diffusers. The implications of these findings are that any 
procurement decision that is based purely on the basis of the capital cost without taking 
account of changes in operational efficiency is likely to not be the most cost effective over the 
entire life cycle of the aeration equipment. The interim results of the investigations into the 
fouling of fine pore diffusers have confirmed that the rate of fouling is site-specific depending 
upon the wastewater characteristics.
The Performance of Fine Bubbie Diffusers 165
Implications for Practice
In general, the majority of wastewater aeration equipment that is purchased in the United 
Kingdom is done so as part of either a planned programme of replacement or as a process 
upgrade or modification. As such, there is typically a lead-time of several months from project 
inception to delivery. The diffuser fouling rigs have shown that considerable information on 
the performance of particular diffusers can be gathered In as short a period of 4-6 months. It 
would be prudent that if prior to making final decisions on the exact type of fine bubble 
diffuser, a similar approach was undertaken to gather data on the dynamic wet pressure of 
diffusers operating on a test rig in the specific wastewater that the full-scale installation was 
intended to be fitted. Such a process would add confidence and reassurance to the choice of 
aeration equipment and if necessary, could be funded by suppliers of aeration equipment 
bidding for the contract.
5.3 Implications of Constructing Deep Aeration Tanks
As the cost of land continues to increase at an alarming rate and the available areas of land 
for development become Increasingly sparse there Is a considerable driver towards making 
the footprint of processes smaller and smaller. One way of reducing the footprint of the 
activated sludge process would be to build smaller but deeper aeration tanks. At present, the 
typical depth of aeration tanks in the UK does not usually exceed 6m, with the majority of 
facilities being around 4-5m in depth. One of the barriers to constructing deeper tanks has 
been uncertainty over the influence of the depth of immersion on the oxygen transfer 
performance of aeration equipment and in particular, how the alpha factor may change with 
depth.
This work, although limited by space available to investigations up to a depth of 6m. has 
shown that when using surfactants to simulate the inhibition of oxygen transfer after a depth 
of 1.75m, the alpha factor remains constant for all depths of immersion up to 6m. As there 
was found to be no change in the alpha factor once the hydrodynamic regime of the rising 
bubble plume has become established, it may be implied that for depths greater than 6m, the 
same trend will be observed. Although this does indicate that building deeper aeration tanks 
will not be affected by any increase in the alpha factor it is important the influence of other 
factors be recognised. It must be borne in mind that if the depth is increased significantly (to 
above approximately 12m) then the depletion of the oxygen concentration within the rising 
bubbles will begin to have a significant impact on the available driving force for mass transfer 
to occur. There are also no net savings in terms of the costs of operation of deep tanks. 
Although greater depths lead to an increase in the total oxygen transfer for a given volume of 
gas, due to the increase in retention time within the system, these benefits are cancelled out 
by the additional cost of compressing the air to higher pressures. It may therefore be 
concluded that there is no process benefit to be gained from constructing deep (6-12m) 
aeration tanks and that the only advantage is the saving on land.
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5.4 Financial Implications of the Research
This work has demonstrated the importance of considering not only the capital cost of 
aeration equipment, but also the operational cost. Section 4.9 examined the impact of fouling 
upon the theoretical power consumption of fine bubble diffusers. It was found that over a 
three year period, the fouling of the installed plastic fine bubble diffusers resulted in a 
theoretical increase in the total power demand for the plant of 46%. This increase in the 
power demand would have resulted in a dramatic increase in the cost of aeration over this 
period. Taking into account the fact that aeration costs, when the equipment is new, account 
for between 60 and 80% of the overall cost of treatment, the impact of the choice of fine 
bubble diffuser and its subsequent rate of fouling and operational performance is highly 
significant.
The interim results from the diffuser fouling study (figures 69 & 70) at Henley and Oxford STW 
indicate significant differences in the rate of fouling between plastic and ceramic diffusers. If 
a procurement decision were to be taken based purely on the capital cost of equipment, then 
plastic diffusers, typically around 30% of the cost of ceramic diffusers, would be the diffusers 
of choice. However, when considering the impact of the type of diffuser on the operational 
performance, it can be seen that within a period of weeks the cost of operating plastic 
diffusers in a wastewater environment is considerably higher than it is for ceramic diffusers. It 
should be noted that the design life for fine bubble diffusers is typically around eight to ten 
years and thus over this period, the operational expenditure will dwarf the initial capital costs.
It can be seen that the cost implications of procuring equipment based solely on capital cost 
alone are hugely significant and can have dramatic consequences upon the whole of life 
costs for the treatment process. It is therefore recommended that this practice be ceased 
immediately.
5.5 Environmental Considerations
The performance of fine bubble diffusers will have a direct influence upon the quality of the 
environment is several ways. The efficiency of the diffusers directly impacts upon the power 
consumption of the treatment process. It has been demonstrated that not only the type of 
diffuser, but the conditions under which it is operated (i.e. airflow regime, depth of immersion, 
diffuser configuration) will impact upon its efficiency and thus the energy consumption. 
Diffuser fouling has also been shown to have a significant impact upon the efficiency of the 
installed aeration equipment and therefore should be minimised wherever possible.
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The efficient operation of fine bubble diffusers Is also linked to environmental performance by 
its affect upon the treatment process and final effluent quality. If the installed aeration 
equipment is unable to supply the oxygenation requirements of the treatment process, then it 
is inevitable that discharge consents will fail to be met and the quality of receiving waters will 
be degraded. It is therefore essential that proper consideration be given to the choice of fine 
bubbie diffuser and the operational and maintenance regime to be employed be carefully 
considered if the full economic and environmental benefits that fine bubble diffused aeration 
systems have to offer are to be realised.
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Appendix 2
Product and Safety Data Sheets
MERCK
SA FETY  DATA SH EET
1. Identification of the substance/preparation and of the company/undertaking 
Identification o f  the product
Catalogue No: 56045 ID No.: 5604500
Product name: Aerosol OT 
Manufacturer/supplier identification
Company: Merck Ltd, Merck House, Poole, Dorset, England, BHl 5 ITD
Telephone : 01202 669700 Telefax : 01202 665599
Emergency telephone No.: 01202 669700
2. Composition/information on ingredients 
Ch em ical characterization
Organic solid
Product name: Aerosol OT
CAS number: 577-11-7 EC-No.: 209-406-4
3. Hazards identification
hxitating to eyes and skin. Harmful to aquatic organisms, may cause long-term adverse 
effects in the aquatic environment.
4. First aid measures
Eye contact: Irrigate thoroughly with water for at least 10 minutes. If discomfort persists 
obtain medical attention.
Inhalation; Remove from exposure, rest and keep warm. In severe cases obtain medical 
attention.
Skin contact: Wash off skin thoroughly with water. Remove contaminated clothing and 
wash before re-use. In severe cases, OBTAIN MEDICAL ATTENTION.
Ingestion: Wash out mouth thoroughly with water and give plenty o f water to drink. 
OBTAIN MEDICAL ATTENTION,
5. Fire-fighting measures 
Special risks:
May evolve toxic fumes in fire.
Suitable extinguishing media:
Not applicable
6. Accidental release measures 
Wear appropriate protective clothing.
Mix with sand, transfer carefully to container and arrange removal by disposal company. 
Wash site o f  spillage thoroughly with water and detergent.
For large spillages liquids should be contained with sand or earth and both liquids and 
solids transferred to salvage containers. Any residues should be treated as for small spillages.
7. Handling and storage 
Handling:
Storage:
Store at room temperature (15 to 25°C recommended). Keep well closed and protected from 
direct sunlight and moisture.
8. Exposure controls/personal protection
As appropriate to the situation and the quantity handled.
Respirator: Dust respirator 
Ventilation: Extraction hood
Gloves: Rubber or plastic . -
Eye Protection: Goggles or face-shield
Other Precautions: Plastic apron, sleeves, boots - if handling large quantities
9* Physical and chemical properties
Form: solid
Colour: white
Odour: ahnost odourless
Melting temperature n/a
Boiling temperature n/a
Density (g/ml) n/a
Solubility in water Soluble
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FOULING OF FINE BUBBLE DIFFUSED AERATION SYSTEMS
A. Mercer^
School o f Engineering in the Environment, University o f Sui'rey, Guildford, 
GU2 5XH
Research & Development, Thames Water Utilities, Manor F aim Road, 
Reading, RG2 OJN
I
Abstract
Fine bubble diffusers, the predominant method of aeration within the activated sludge 
process, are often associated with fouling. This fouling, which can be categorised as 
air-side or liqidd-side, often results in an impairment of performance, the associated 
increase in treatment costs and premature replacement o f diffusers. Dynamic wet 
pressure (DWP) measurement and standard oxygen transfer efficiency (SOTE) testing 
are investigated for their potential for use as tools for the monitoring o f diffuser 
fouling. The DWP and SOTE measurements o f a series o f ex-operational diffusers 
are compared to clean diffuser performance. Potential inorganic foulants are 
investigated using atomic emission spectroscopy (AES). Both DWP and SOTE 
techniques are found to provide a potential tool for the monitoring o f fine bubble 
diffuser fouling.
Key Words: Aeration, dynamic wet pressiue, fine bubble difftiser, standard oxygen transfer efficiency 
Introduction
It is estimated that 50% of the wastewater that undergoes aerobic biological treatment 
in the UK is treated in activated sludge plants (CIWEM, 1997). The activated sludge 
process is a method o f treatmg biodegradable wastewaters by aerating and agitating 
the liquid in the presence o f an established biological population. The activated 
sludge is then sepaiated hom the treated effluent via settlement. In the activated 
sludge process, the aeration system has two functions; it supplies dissolved oxygen to 
satisfy the respiratory demands o f the microbial population and maintains the mixed 
liquor solids in suspension. This is typically achieved via air diffusion or mechanical 
aeration.
Aeration is the most energy intensive phase o f wastewater treatment, consuming 
between 50-90% of the total energy costs (Ashley et a l, 1991). The total electrical 
energy used by Thames Water in 1997/8 at the 54 sites using the activated sludge 
process (ASP), is 1.650x10^ MJ. At a notional £0.04/lcWli, this amounts to a total cost 
o f aeration for Thames Water in excess o f £12m/year. As a result o f increasing 
energy costs and process considerations, the use o f fine bubble air difhisers (FBDA) 
has become the prefened method for the introduction o f oxygen into the activated 
sludge process (Huibregste et a l, 1983). Fine bubble difhisers are defined as those 
diffusers which, when new, produce bubbles o f 2-5 mm diameter in clean water 
(BPA, 1989).
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Although fine bubble diffused aeration systems represent the most efficient method 
for the introduction o f oxygen; they have been associated with fouling and the 
resulting impairment o f performance. Diffuser fouling in the activated sludge 
process is reported to be influenced by various physical and environmental factors and 
may occur' in two distinct categories.
Diffuser Fouling -  Air Side
Problems associated with air side diffuser fouling ar e considered to be rare; when they 
are encountered, they can generally be attributed to poor air preparation (EPA, 1989). 
Causes o f air-side fouling include:
• dust and dirt fiom unfiltered or inadequately filtered air,
• oil fi'om compressors or viscous air filters,
• rust and scale fiom air pipe coiTosion,
• oxidation and subsequent flaking o f bituminous air main coatings,
• construction debris,
• wastewater solids entering through diffusers or piping leaks.
Many o f the causes o f air-side fouling can be avoided by the proper selection and 
maintenance o f air filtiation equipment, post-construction cleardng o f the process air 
handling equipment and minimising power inteiTuptions.
Diffuser Fouling -  Liquid Side
The majority o f fouling o f fine bubble diffusers in installations with good mechanical 
integi'ity occurs on the liquid side. This fouling may be characterised as biological 
fouling or inorganic fouling (Kim et a l, 1993). Biological fouling is the 
accumulation o f biological materials including bacteria and slime orr the surface o f the 
diffuser. Bacteriologically, the slime is extracellular polymeric material secreted by 
or encapsulating the bacteria. Biological fouling occurs when the bacteria present in 
the bulk aqueous phase are tr arrsported to the vicinity o f the diffuser substratum 
surface. Attachment o f the bacteria to the solid surfaces involves two rnecharrisms, 
reversible adliesion and irreversible adhesion (Marshall et a l, 1971). Biofilm  
formation on the diffuser smface is affected by process variables. The availability o f  
soluble substrate and the mixed liquor iron corrcentration appear to affect the 
production o f biological slime (Reith et a l, 1990).
Several potential causes o f biofoulirrg have been identified (EPA, 1989; Houck and 
Boon, 1981). These include; 
high organic loading 
low DO concentration 
wastewater characteristics 
high wastewater temperature 
low air flow rate per diffuser 
mieven air distribution in diffuser 
low permeability o f diffuser 
presence o f inorganic par ticulates 
nutrient imbalance 
chemical additives
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Inorganic fouling has been found to be influenced by the presence o f iron salts, 
hardness, sands and clays (Morgan, 1959). Inorganic elements such as calcium, 
magnesium and silica have also been foimd to precipitate onto the diffuser sm'face 
(Hartley and Gobble, 1990).
Effects o f Diffuser Fouling
Diffuser foulmg is generally detrimental in wastewater treatment. It may result in 
increased headless across the diffuser, changes to the bubble size distribution and 
reduced oxygen transfer efficiency, both o f which result in increased power 
corrsumptiorr to maintain a given level o f treatment. Addison (1980) examined the 
impact o f biological slimes on oxygen transfer efficiency o f fine bubble diffusers. He 
observed a 12% reduction in GTE for a heavily slimed diffuser when compared with a 
clean diffuser.
Measurement of Diffuser Fouling
In order to ascertain the efficiency o f an aeration system, various tests have been 
developed to measure the performance o f fine bubble diffusers. The performance of  
aeration systems is normally determined in clean (potable) water, and provides no 
indication o f how performance changes once operating in a wastewater enviromnent. 
It has been suggested that these performance measurement teclmiques could be 
adapted for monitoring puiposes to indicate the degi ee o f fouling o f diffusers.
Non-Steady State Clean Water Oxygen Transfer Test
The detailed test meÜiodology is described elsewhere (ASCE, 1991) and thus only a 
summaiy will be provided here. The test is based upon the removal o f dissolved oxygen 
(DO) from a volume o f water by the addition o f sodium sulphite in the presence o f a 
colbalt catalyst, followed by re-aeration to the satui ation level. The level o f DO witliin 
the water is monitored during the re-aeration period by measuring the DO concentiation 
at several points representative o f the tanlc contents.
The data obtained at each deteimination point are then analysed by a simplified mass 
tiansfer model to estimate the apparent volumetric mass ti'ansfer coefficient, Kia, and the 
steady-state DO saturation concentration, C*«> This simplified mass transfer model is 
described by Brown arrd Baillod (1982), and is given by:
C ,= c : - (c : -c „ )e x p (-x ,f l( )
Wliere:
Ct = DO concentration at tim e/, (g.m" )^
C*oo = determination point value o f steady-state DO satur ation
concentration as time approaches infinity, (g.nf^)
Co = DO concentration at time zero, (g.m'^)
Kia -  determination point value o f the appar*ent volumetric
mass transfer coefficient, (s' )^
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Non-linear regression is used to fit the above model to the DO profiles measured during 
the re-aeration of the test liquid. This provides estimates of Kia and C*co wliich are then 
adjusted to standard conditions o f zero dissolved oxygen concentration, 20°C and 1 
atmosphere baiometric pressiue. There are several key factors that may be used to 
provide an indication o f the performance o f an aeration system;
• Standard Oxygen Transfer Rate (SOTR)
The SOTR is the mass o f oxygen per unit time dissolved in a volume o f clean water 
by an oxygen transfer system at the standaid conditions o f zero dissolved oxygen 
concentration, a water temperatme o f 20”C and a barometric pressure o f 1.00 atm 
(lOllcPa).
• Standard Oxygen Transfer Efficiency (SOTE)
The SOTE is the fraction o f oxygen in a gas stieam dissolved in clean water by an 
oxygen transfer system when the DO concentration is zero, the water temperature is 
20°C, and the bai'ometiic pressiue is 1.00 atm (lOlldPa).
• Standard Aeration Efficiency (SAE)
The SAE is the SOTR per unit total power input. It is usually stated as wire-to- 
water, and thus includes the power consumption o f all ancillary equipment 
(additional mixers, blower motor heaters, etc.)
Oxygen transfer efficiency (SOTE) is the most important characteristic o f any 
aeration system. If SOTE data is to be used for compaiative purposes, (i.e. clean 
diffuser perfoimance versus fouled diffuser perfoimance) it is essential that similaiity 
be maintained during data collection. This generally requires all data to be measured 
using the same equipment and test configuiation, and as such will require the periodic 
removal o f diffusers fr om a particular live installation for SOTE testing.
Dynamic Wet Pressure
Dynamic wet pressure (DWP) is an important characteristic in evaluating porous 
media. DWP is the pressuie differential (headless) across the diffuser element when 
operating in a submerged condition (EPA, 1989). The headless is a function o f the 
orifice size via which the bubbles are formed and the degree o f water saturation in the 
diffuser material. This explains the hysteresis observed when comparing 
measurements talcen from low airflow to high airflow and vice versa. It is proposed 
that as fouling o f diffusers occm's, the pressuie required to foim bubbles against the 
force o f surface tension will increase and result in a gi'eater pressure differential 
across the diffuser element.
Experimental Procedure
hi order to deteimine the suitability o f  SOTE testing and dynamic wet pressure 
measurement for the detection and monitoring o f diffuser fouling, a series of 
measm'ements were perfoimed on fine bubble diffusers which had been in operation 
for some considerable time and whose performance was believed to have become 
impaired. These results were compared to the performance o f a similar clean diffuser 
to determine the suitability o f the monitoring techniques. A series o f Hawker-Sidley 
fine bubble ceramic diffusers were removed from Beclcton wastewater treatment plant 
(ASP3) in East London. The diffusers are believed to have been in operation for 
ai'omid 25 years. The diffrisers were labelled from A to I, diffuser A  being situated in
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the high rate zone, closest to the inlet, of the plug-flow plant; diffuser I being from the 
low rate zone, closest to the outlet.
Each diffuser was also analysed for inorganic materials that could be identified as 
possible foulants. This was done by induced coupled plasma atomic emission 
spectroscopy (ICP-AES).
Results
Visual observations found the diffusers to be covered with a significant amount of 
biological slime growth that was brownish-grey on the surface and black at the 
diffuser interface.
SOTE Testing
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Figure 87 Comparison of Standard Oxygen Transfer Efficiency
Figure 1 illustrates the SOTE of the Beckton diffusers for the airflow range of 13 -20  
cm.s'  ^ of normalised air (1.01325b, 20°C) compared to the typical performance of a 
similar clean ceramic fine bubble diffuser. It is evident that all of the Beckton 
diffusers have a significantly reduced SOTE capacity. This reduction in SOTE varies 
from 8 -  43%. In general, it can be seen that the closer the diffuser was to the inlet of 
the plant, i.e. the higher the biological oxygen demand (BOD), the greater the 
inhibition of oxygen transfer efficiency. This is in agreement with previous 
observation (Addison, 1980; EPA, 1989; Kim et a i,  1993).
Owing to the biological slime growth on the diffusers from the low-rate zone 
(diffusers G, H, I) being similar to the diffusers from the high-rate zone (diffusers A, 
B, C) it was thought that the inhibition o f SOTE would have been of the same 
magnitude. Although the diffusers from the low-rate section of the plant (diffusers G, 
H, I) exhibited a degree of SOTE inhibition (8-12%) it did not compare to the 35-40% 
observed for the diffusers from the high rate zone. This would indicate that biological 
slimes may not be as detrimental to SOTE as first assumed.
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Dynamic Wet Pressure Measurements
13 .3 26.7 5 3 . 3 5 3 .3 2 6 . 73 3 .3
G a s  V e l o c i t y  ( c m . s  ' )
I ™ C Ic a n A A B C D — E — - F H -M-n
Figure 88 Dynamic Wet Pressure Comparison
It was observed that the DWP profile was not symmetrical with airflow rate. As the 
airflow rate was increased, the DWP also increased. This was expected due to the 
higher back pressure resulting from greater frictional resistance to bubble formation 
and the extra force required to form bubbles at the orifice. Figure 2 shows that all of 
the Beckton diffusers demonstrated higher DWP measurements than a comparable 
clean diffuser. This observation is in agreement with previous studies (Egan-Benck et 
a/., 1993; Hosokawa, 1987; Boyle and Redmon, 1983). The comparison of diffusers 
A, B, and C against the clean diffuser shows that at higher airflow, the diffuser closest 
to the inlet had a greater degree o f fouling. Again, this is in agreement with previous 
studies. Visual observations of bubble patterns during the DWP measurements 
showed poor bubble coverage at low airflow rates. Although not reported here, 
similar observations were made for diffusers in the medium and low rate zones 
(diffusers D-I), all o f which displayed significantly higher DWP measurements than 
the clean diffuser.
ICP-AES
The results from the ICP analysis provided a quantitative result showing the amounts 
of various elements present. All samples were tested for Sodium, Magnesium, 
Aluminium, Potassium, Calcium, Iron, Copper and Zinc. Only Magnesium, Iron and 
Calcium showed significant differences between the Beckton diffusers and the clean 
diffuser. These results are given in figures 3-5. Figure 4 illustrates that calcium was 
the main inorganic foulant to be found in the Beckton diffusers. The high levels of 
calcium and magnesium can be attributed to extended period of service the diffusers 
have undergone in a hard water area, leading to limescale build-up within the porous 
structure of the diffuser. These observations are consistent with previous studies 
(Morgan, 1959; Hartley and Gobble, 1990). The increase in iron levels observed may 
well have been due to the presence of iron bacteria. Previous studies (Addison, 1980;
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Reith et a i, 1990) have indicated that the presence of iron bacteria is a contributory 
factor to the formation of biological slimes.
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Figure 5 Comparison o f Inorganics -  Magnesium
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Conclusions
The affect o f fouling on fine bubble diffuser performance was investigated by
dynamic wet pressure measurements (DWP) and standard oxygen transfer tests
(SOTE). It was found that both techniques could potentially be used to monitor the
degree o f fouling o f fine bubble difflisers.
• Fouling o f diffusers was found to increase the DWP when compared with clean 
diffuser perfoimance.
• Fouling was observed to decrease the SOTE when compared with clean diffuser 
performance.
• DWP was found to increase with an increase in airflow rate, whereas SOTE was 
found to decrease.
• Calcium was found to be the major inorganic foulant o f fine bubble diffusers.
• The degree o f  foulant was found to be related to the position o f the diffuser in the 
treatment process. The greater the degiee o f tieatment, the lower the rate o f  
fouling.
Further W ork
Following the identification o f DWP and SOTE measurements as tools that have 
potential for monitoring the fouling o f fine bubble diffusers, a long-term collaborative 
research program has been formulated to investigate the impact o f wastewater 
chaiacteristics and process variable upon the type and rate o f fouling. A series o f test 
rigs, fitted with in-situ DWP measurement equipment, have been installed into 
operational plants. The DWP o f the installed diffusers will be monitored along with 
the process configuration and wastewater characteristics over the next two years. 
Periodic SOTE testing will also be undertaken. It is envisaged that data gathered 
durmg this program will provide an insight into the causes and rates o f fouling o f fine 
bubble diffusers and in timi may enable the economic life o f aeration systems to be 
more accurately predicted.
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Abstract
In the Activated Sludge process, the aeration system serves two functions; it 
supplies dissolved oxygen to satisfy the respiratory demands o f  the microbial 
population and maintains the mixed liquor suspended solids in suspension. The 
rate at which oxygen is transfeiTed into solution by an aeration device, and the 
amoimt o f energy consumed during the process will have a direct effect upon 
the oxygen transfer efficiency and hence the cost o f treatment. As to the 
financial implications o f an under-perfoiming system are significant it is 
common practice within Europe and the USA to assess the performance o f 
aeration systems and their ability to meet their contractual guarantees. This is 
achieved through a series o f unsteady-state tests to determine the oxygen 
transfer capacity in clean water under standard conditions. The cost involved in 
miderfaking such tests is high, typically £8k - £12k, and it is often asked if  this 
cost is justified. Does aeration testing provide value, or is it an urmecessary 
expenditme? A case study o f an aeration test undertaken at a mrmicipal 
wastewater tr eatment facility is used to highlight the advantages o f such tests, 
and demonstr ate their cost effectiveness. The experiences o f Thames Water pic 
in performing aeration testing are used to expand upon the case study and the 
arguments for and against full-scale testing. It is concluded that full-scale 
testing provides a valuable insight into the design and performance o f newly 
installed or re-furbished plant and that it is a valid method o f  ensuring 
contractual compliance with regard to system performance and efficiency.
Key Words: unsteady-state aeration testing, activated sludge, oxygen 
transfer measurement.
Introduction
The activated sludge process is a method o f treating biodegr adable wastewaters by 
aerating and agitating the wastewater witli a biological cultiue, producing mixed 
liquor. The activated sludge is subsequently separated from the treated effluent by 
settlement. It is estimated that approximately 50% of the sewage that is given aerobic 
biological treatment in the United Kingdom receives treatment in activated sludge 
plants (CIWEM, 1997).
In the activated sludge process, the aeration system serwes two functions; it supplies 
dissolved oxygen to satisfy the respiratory demands o f the microbial population, and
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maintains the mixed liquor suspended solids in an agitated state o f suspension. This 
is achieved by either introducing bubbles o f air at the bottom o f the tank or by sirrface 
aerators. This study is concerned with the perfomiance o f fine bubble diffused 
aeration systems. These systems consist o f porous diffusers placed at the bottom of  
the treatment unit tlnough which clean air under pressure is passed, producing 
bubbles with an average diameter o f 2rnm. Various materials have been used in the 
manufactme o f porous diffusers. These generally fall into the categories o f rigid 
ceramic and plastic materials, or flexible rubber membranes. Aeration and mixing are 
achieved by the streams o f bubbles as they rise tlrrough the mixed-liquor. As the 
bubbles rise to the siuTace, oxygen transfer takes place and circulation curTents are 
established which promote mixing and prevent tiie settlement o f solids.
One o f the contributory factors for the overall efficiency o f aeration systems is the 
rate at which oxygen is transferred into solution by the aeration system. The ability o f  
an aeration system to transfer oxygen into solution can be measined by conducting 
imsteady-state tests in clean water. Tliis verification o f performance o f a newly installed 
system is usually underiaken as par t o f the commissioning process. Witliin the UK it is 
common practice to use a standard procedure, such as that developed by the American 
Society o f Civil Engineers (ASCE, 1991), for the measur-ement o f oxygen transfer in 
clean water.
The unsteady-state method refers to the measurement o f the rate of change o f dissolved 
oxygen concentration during the re-aeration of previously de-oxygenated water. These 
tests are traditionally performed in potable or ‘clean’ water to avoid any difficulties with 
contaminants wliich may mterfere with the measm*ement o f dissolved oxygen or the 
oxygen transfer process. It was also considered that potable water would be universally 
available so tliat tests at similar* locations would give compar able results.
As the volumes o f clean (potable) water required to imdertake a imsteady-state aeration 
test are lar ge, typically several thousand cubic metr es, it is common practice within the 
UK for the tests to be perfor*med in eitlier gr'ormdwater, river water or good quality final 
effluent. Good quality final effluent and river water have been found to provide 
satisfactory results when used as a substitute for clean water (Downing et al, 1960). The
Technical Papers
results o f such a test ai'e then related to clean-water performance by means o f an 
appar ent alpha factor (Lister and Boon, 1973). This appai'ent alpha is determined on-site 
by means o f a portable test tower that is capable o f replicating the parameters 
experienced at full-scale.
Background to Unsteady-State Testing
The detailed test methodology is described elsewhere (ASCE, 1991) and thus only a 
sunmiary will be provided here. The test method is based upon the removal o f dissolved 
oxygen (DO) fi*om a volume o f water by the addition o f sodium sulpliite in the presence 
of a colbalt catalyst, followed by re-aeration to die saturation level. The level o f DO 
within the water is monitored during the re-aeration period by measm*mg the DO 
concentr ation at several points representative o f the tanlc contents.
The data obtained at each determination point ai'e then analyzed by a simplified mass 
transfer model to estimate the apparent volumetric mass tr*ansfer coefficient, Kia, and the 
steady-state DO saturation concentration, Tliis simplified mass transfer model is 
described by Brown and Baillod (1982), and is given by:
C , = C : - ( c : - C o ) e x p ( - X , a / )
Where:
Ct = DO concentr ation at time t, (mg/1)
C*oo = determination point value o f steady-state DO satiuation
concentr ation as time approaches infinity, (mg/1)
Cq = DO concentration at time zero, (mg/1)
Kia = determination point value o f the apparent volumetric
mass transfer coefficient, (hr'')
Non-linear regression is used to fit the above model to the DO profiles measured during 
the re-aeration of the test liquid. This provides estimates of Kia  and which ar e then 
adjusted to standard conditions o f zero dissolved oxygen concentration, 20®C and 1 
atmosphere barometric pressme. There are several key factors that may be used to 
provide an indication o f tire performance o f an aeration system:
• Standard Oxygen Transfer Rate (SOTR)
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The SOTR is the mass o f oxygen per imit time dissolved in a volume o f clean water 
by an oxygen transfer system at tlie standard conditions o f zero dissolved oxygen 
concentration, a water temperatui'e of 20°C and a barometric pressure o f 1.00 atm 
(lOllcPa).
• Standard Oxygen Transfer Efficiency (SOTE)
The SOTE is the fraction o f oxygen in a gas stream dissolved in clean water when 
the DO concentration is zero, the water temperature is 20°C, and the barometric 
pressure is 1.00 atm (lOlldPa).
• Standard Aeration Efficiency (SAE)
The SAE is the SOTR per imit total power input. It is usually stated as wire-to- 
water, and thus includes the power consumption o f all ancillary equipment 
(additional mixers, blower motor heaters, etc.)
The Aeration Testing Service
Since 1983 Thames Water pic (Thames Water Authority prior to 1989) has had the 
facility to undertake frill-scale unsteady-state testing o f aeration systems. Thames Water 
has gained considerable experience in imdertaldng such tests for development purposes 
and to ascertain contractual compliance o f such systems. During this period over 60 
full-scale aeration tests have been performed for Thames Water and other UK water 
utilities, manufacturers and suppliers o f aeration equipment, and contr actors to the UK 
water industry. The aeration testing facility comprises of two 7.5 tonne vehicles. One 
veliicle provides chemical make-up allowing for batches o f up to 1250kg anliydrmrs 
sodiimi sulphite to be made-up and distributed. This vehicle is self-contained in that 
chemical conveying, mixing, and distribution are powered by the vehicle’s engine. The 
second veliicle provides a mobile workshop and laboratory that contains all o f the 
dissolved oxygen logging and data processing equipment. These are shown during a 
recent aeration test in frgiue 1.
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Figure 89 Thames Water Aeration Testing Service
W ater
As the implications o f an under-performing system are often significant it is common 
practice within Europe and the USA for the aeration capacities o f new equipment to be 
specified and then measured as part o f the commissioning process. This occurs either 
when a new plant has been constructed or existing plants have been redesigned and 
upgraded to take account o f process modifications. Plants are also tested following the 
periodic refurbishment of aeration lanes. The typical operational life span o f a fine 
bubble diffused aeration system is dependent upon the decrease in the diffuser 
efficiency over time. The reasons for this drop-off in performance are subject to much 
contention, but are believed to be dependant upon several factors such as operational and 
maintenance regime and wastewater characteristics (EPA, 1989). However, in general 
the refurbishment o f the aeration lanes o f a ‘typicaP activated sludge plant, with a 
population equivalent (PE) o f 150,000, costs between £100k and £150k (1997/98) and 
is required every seven to eight years.
It is usual practice to evaluate each different diffuser density at low, medium and high 
airflow rates. This provides an indication o f the performance across the full 
operational airflow range and throughout the whole o f the tapered aeration system. 
Such a series o f tests would typically take five days to perform. The costs o f a series 
of aeration tests is dependent upon several factors such as the specific number o f tests, 
and the volume o f the test zone, but in general are between £8-12k. This represents 
between 4-8% of the total capital cost o f a new aeration system (below water line). It 
is often asked if  such expenditure is justified. The design and specification of  
aeration systems is not exactly rocket-science, hence is it really necessary to 
undertake an exercise that merely amounts to checking-up on the design engineer? In
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order to address these questions I shall intioduce a case study o f a recent aeration test 
and draw upon the experiences o f the Thames Water Process Dynamics aeration 
testing service.
Case Study
Thames Water Process Dynamics were commissioned to undertake a series o f  
unsteady-state aeration tests on a recently refurbished fine bubble diffused aeration 
plant at a municipal wastewater treatment facility. The plant was configured for 
biological nutiient removal (BNR) and consisted o f two plug-flow aeration lanes. 
Ceramic disc fine bubble diffusers were installed in a full coverage giid formation, the 
diffiiser density decreasing along the aeration lane.
A series o f unsteady-state aeration tests were perfoiined to deteimine the maximum, 
average and minimimi oxygenation capacities (SOTR’s). The procedure employed 
was in accordance with the ASCE standard (ASCE, 1991) for the measurement o f  
oxygen tiansfer in clean water with modifications to enable the use o f  final effluent as 
the test liquid. A  series o f unsteady-state colrmin tests were performed on the final 
effluent and in potable water to determine the apparent alpha (aapparent) o f the test 
liquid. This was tlien applied to tire final effluent results to provide an indication o f  
clean water performance.
The SOTR targets and the values achieved by the installed plant, corrected to the 
standard conditions o f zero dissolved oxygen concentration, 20°C and 1 atmosphere 
barometric pressure (ASCE, 1991), are given in table 1.
Table 15 Standard Oxygen Transfer Rates By Zone
Air Flow High Intensity Zone 
S0TR(kg02.h-‘)
Medium Intensity Zone 
S0TR(kg02.h'’)
Low Intensity Zone 
SOTR (kgOz.h')
Target Achieved Target Achieved Target Achieved
High 297 302 240 241 142 116
Medium 162 160 130 132 77 65
Low 120 125 97 97 58 46
From table 1 it may be seen that the majority o f  the targets were met, apart fr om two 
areas:
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The SOTR for the high intensity zone, medium air rate failed to achieve the 
process guarantee o f 162 kgOa.h"'. The achieved SOTR o f 160 kgOi.h"' is 1.24 % 
below the tai'get. This was considered to be within the bounds o f experimental 
error and was not cause for concern.
All tlrree tests performed within low intensity zone failed to achieve the stated 
process guarantees. The achieved SOTR values were on average 18 % below the 
targets.
The poor performance o f the low intensity zone was o f gr*eat concern. In this zone, 
the SOTR’s for all airflow rates were significantly below the specified targets. It is 
evident that this zone was unable to meet the constraints set witliin the design contract 
with regar d to the SOTR.
Discussion
The case study presented demonstrates the ability o f full-scale unsteady-state aeration 
testing to identify an under-achieving system and that it can provide an essential 
function in ascertaining whether an installation has met the performance guarantees 
specified within the design contract.
hr the past the argument that testing was unnecessary, or at best arbitrary, would seem to 
have some merit, hr the early days of the testing service the vast majority o f tests passed 
and in most cases exceeded the targets stated within the design contracts by some 
considerable mar gin. Possible reasons for this ar e conservative designs employed for the 
aeration systems o f the time and the nmnbers o f manufactur ers and supphers o f aeration 
equipment was considerably less. It may be hypotliesised that this resulted in a more 
intimate knowledge o f the products, their related performances, and the requirements of 
the buyer.
Thames Water Process Dynamics have become awar e that there has been a considerable 
increase in either test faihues or aeration systems that bai'ely achieve their required 
targets. This failure/near* miss rate is presently rimning at around 30% of all tests 
imdertaken. hr the opinion o f the authors tliere are several reasons for tins sliift in 
performance. Manufacturers and suppliers o f aeration equipment ar e in an incredibly 
competitive market. The number o f products and suppliers available to the buyer is at an
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all time high. With the decision upon the choice o f aeration system largely based upon 
capital costs alone, there is increasing pressure upon design engineers to push the 
perfoimance o f their products and systems to the limit. Wliere, in the past, a safety 
margin would be incorporated to provide a conservative design, now designs are closer 
to the maiic, leaving little margin for error or natuial variance witliin products and 
systems. For the manufacturers and suppliers o f aeration systems the temptation of 
submitting an optimistic design and thus a competitive tender in order to secui'e the 
contract, should be weighed against the often heavy financial penalties imposed for 
systems that fail to meet tlieir process guai antees. The insistence o f the buyer upon full- 
scale aeration testing is one way o f moderating supplier enthusiasm.
It is the opinion o f the authors that many manufacturers have been optimistic about the 
perfoimance o f their products, which has in turn led to guaiantees being given which 
camiot be met. Stenstrom (1998) calls for manufacturers to become more proficient and 
economical in evaluating their materials and clean-water performance o f tiieh' products. 
It is hoped that the impending publication o f the ASCE Guidelines for Quality 
Assur ance for Installed Fine Pore Aeration Equipment will assist in tliis task.
The financial implications o f an under-performing aeration system to the operator are 
considerable. The total electrical energy used by Thames Water in 1997/8 at the 54 
sites using the activated sludge process (ASP), was 1.650x10'' MJ. The process o f  
aeration is energy intensive, with over 70% of all power used on an ASP site being
9consumed by the aeration process, equating to 1.155x10 MJ/year (this includes all 
electricity, whether generated on site from sludge gas or purchased from the regional 
electricity supplier). At a notional £0.04/kWli, this amoimts to a total cost o f aeration 
for Thames Water o f £11.1 m/year (1997/98), thus every 1% shift in aeration 
efficiency is worth in excess o f £0.1 m/year. For the case study presented, the 
firrancial implications o f the under-performance o f the low intensity zone would have 
been an increase in power consumption o f 37% over the design figur e to satisfy the 
required SOTR. At a notional £0.0366/kWli this amoimts to an extra £2k per armurn 
and a forecasted whole o f life cost o f £13k which would have had to be borne by the 
operator if  the aeration test had not been performed and the system deficiency brought 
to light.
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As well as the severe operational financial penalties, there are significant process 
implications o f an under-performing aeration system. If the installed system is incapable 
of delivering the required amount o f dissolved oxygen, the oxygen demands o f the 
process may fail to be met. This can result in difficulties in maintaining the buUc DO 
concentiation at the required level and may in-tum lead to process complications such as 
the inhibition o f nitrification and poor settling sludge. Both o f these may result in a 
breach o f discharge consents. In the longer teim, problems such as diffuser fouling may 
also occur which will also lead to a further deterioration in oxygen transfer.
In order to reduce the cost o f full-scale aeration testing it has been suggested that pilot or 
laboratoiy-scale testing may provide a viable alternative. Tliis ‘shop’ testing is widely 
used in the USA and Geimany to deteimine the perfoimance of specific difflisers and 
their various process configurations (e.g. diffiiser density, airflow rate, wastewater 
chai acteristics, etc) prior to the award of any contr act. For tliis type o f test the emphasis 
is placed upon the diffiiser supplier to demonstr ate the suitability o f their product for the 
application. However, even when such tests ar e undertaken, it is still deemed necessary 
to perfoim full-scale tests once the installation is complete to check the whole system 
performance.
Feai*ce and Muir (1996) highlight that full-scale aeration testing o f fine bubble diffused 
ah' systems measures the performance not just of the process, but o f the engineering of 
the installation. As such, it can liighlight associated problems such as compressor or 
blower efficiency, control and measurement o f airflow and other issues o f operability. 
Thames Water Process Dynamics have been instrumental in identifying problems such 
as undersized pipe work, under-rated blowers, arrd incorrect control valve sizing whilst 
undertaking full-scale aeration testing.
With the proliferation o f manufacturers, suppliers and installation contr'actors, often 
there is little data on tire fiill-scale performance o f the systems that they offer. Aeratiorr 
testing can provide a valuable irrsight to both supplier and buyer into the design arrd 
installation practices arrd, as such, should be welcomed rrot orrly for checking for
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contractual compliance, but for providing valuable data for futine designs and costings 
of their systems and products.
Conclusions
Aeration costs typically account for 70% of the energy consumed durmg the activated 
sludge treatment process, thus any inefficiency o f an installed system can increase 
operating costs considerably.
So does full-scale testing o f aeration systems provide value? It has been 
demonstrated that the lifetime costs o f an under-performing aeration system can be 
considerable. Thames Water Process Dynamics have identified several systems that 
have failed to meet the contractual requirements for oxygenation requirements and 
oxygenation efficiencies. Failure to test will result in operators being left with 
aeration systems that are either below design capacity or whose energy costs are 
above tliose budgeted for. Aeration testing also has the intangible benefits o f  
highlighting engineering problems o f the installation along with generating valuable 
information enabling better designs and more accurate costings in the future. Any test 
or procedure that is capable o f highlighting deficiencies in performance and efficiency 
at an early stage in the life o f an aeration system can therefore only provide value.
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1. Project Summary
Dissolved oxygen is essential for the aerobic biological treatment of wastewater. The rate at 
which oxygen is transferred into solution by an aeration device, and the amount of energy 
used during the process will effect the efficiency and hence the cost of treatment.
It is usual within the UK for aeration capacities of new aeration equipment to be specified as 
the oxygen transferred to clean water under standard conditions. It is usually impractical to 
use clean water for an aeration test, hence it is common for final effluent to be used instead. 
It is therefore important that the derived oxygen capacity from the final effluent tests is capable 
of being related back to the specific clean water value.
The difference in final effluent or wastewater oxygenation capacity compared to that in clean 
water is due to the presence of mechanisms that inhibit the oxygen transfer process. This 
inhibition of oxygen transfer within wastewaters compared to clean, potable water is 
characterised by the alpha factor. There are a number of variables that are believed to 
contribute to the alpha factor.
Investigations are being undertaken to develop an understanding of how these variables 
interact to inhibit the process of oxygen transfer within wastewaters.
Possible methods of mitigating the effects of the alpha factor are also being considered.
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2. Project Rationale
The European Directive on urban wastewater of May 21®‘, 1991 (Directive 91/271/EEC) 
requires, by 31"* December, 2000, the connection of wastewater to a collection system for all 
communities of over 15,000 Population Equivalents (PE), and the treatment of the wastewater 
in sewage stations with greater reliability and reinforced monitoring. After 2005, these 
conditions will apply to communities of over 2,000 PE.
The application of this directive to the member states of the European Union will require 
considerable investments over the next 10 years, assessed at 63 billion ECU’s for Germany, 
12 billion ECU’s for France and 7.2 billion ECU’s for England and Wales. To meet the 
specifications of the directive, hundreds of sewage stations will therefore have to be built or 
upgraded throughout Europe.
The majority of sewage works are biological treatment plants, in which bacterial cultures 
degrade the organic matter of the wastewater to transform It Into new bacteria, (excess sludge 
is periodically extracted from the reactor), carbon dioxide and water. In order for these 
biological systems to operate effectively, oxygen has to be provided to the aerobic bacteria via 
aeration systems.
The aeration system is a key component of the aerobic biological sewage plants for two main 
reasons;
• the quality of the wastewater treatment is directly linked to a sufficient input of oxygen,
• aeration accounts for 60-80% of the energy consumed by the majority of such installations.
One of the contributory factors for the overall efficiency of aeration systems, is the rate at 
which is oxygen transferred into solution by the aeration device (porous diffusers, surface 
aerators, etc.) and thus has a direct effect upon the amount of energy consumed during the 
process and the subsequent costs incurred.
Due to the financial implications of an under-performing system It is common practice within 
Europe for the aeration capacities of new aeration equipment to be specified as the oxygen 
transferred to clean water under standard conditions. It is usually impractical to use clean 
water for an aeration test, hence it is common for final effluent to be used instead. It is 
therefore important that the derived oxygenation capacity from the final effluent test is related 
to the specific clean water value in order to evaluate the system performance and to 
determine contractual compliance.
There often exists a discrepancy in the performance of aeration equipment within final effluent 
compared to that in clean water, this difference is characterised by the alpha factor. The
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alpha factor may be defined as the ratio between the performance of an aeration system, in 
terms of oxygen transfer, in a wastewater and its performance under the same conditions 
within clean water.
There are a number of factors that are believed to contribute to the alpha factor. 
Investigations are to be undertaken to develop an understanding of how these factors interact 
to inhibit the process of oxygen transfer within wastewaters.
Thus the overall objective of the research is to develop in the laboratory and to validate in 
operational plants, methods for the measurement of the oxygenation performance of aeration 
systems in wastewater works, in clean water on the one hand (commissioning of the plants 
prior to start-up), and in the presence of biological cultures on the other hand (dirty water 
testing).
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3. Progress to Date
My Engineering Doctorate commenced on 9*^  September 1996. The first 6 months have been 
spent familiarising myself with the scope of the project and the organisation and working 
practices of Thames Water.
An initial literature review has been completed and is included in appendix 1. This literature 
review is intended to be ongoing, and in future will focus upon the current areas of interest as 
the project develops.
The initial scope of the project was ‘roughed out’ at the first student/supervisor meeting. It 
was decided that initially I should gain a general understanding and attain competence in the 
current practices of aeration testing and determination of alpha factors. To this end. I have 
assisted Thames Water Engineering in several full-scale aeration tests, and thus now have an 
appreciation of the standard practices and types of problems encountered in the field.
I have designed and built a small test rig in order to undertake a series of column tests to 
determine the relative oxygen transfer performance of various fine bubble diffusers. The 
purpose of this program of work is three fold.
Firstly, it is to provide the Thames Water aeration strategy group with information on the 
relative performances of various diffusers. This is to enable them to make an informed 
decision regarding the long term replacement program for existing diffusers, and to ensure 
that certain claims by manufacturers are true.
Secondly, the work has provided me with some raw aeration data in order to become familiar 
with the data collection, processing and analysis that will be a major component of the overall 
project. This has resulted in the development of a software package, which, in time, will be 
capable of analysing data automatically. It is hoped that this package will be of use to 
Thames Water Engineering and enable them to improve their current methods of aeration 
testing.
Finally, the work will provide a series of benchmark, clean water data which will enable me to 
use it as a reference with a degree of confidence for future work that is undertaken.
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4. Events; Past and Forthcoming
4.1 EngD Modules Attended :
Induction Module
Project Management & Life Cycle Assessment Module,
9-13 September 1996 
9*‘’-13*'' December 1996.
4.2 Courses, Seminars, & Conferences Attended:
EngD Conference, University of Surrey,
Thames Water Confined Spaces Awareness Course, 
Cebedeau Aeration Seminar, Liege, Belgium,
Sludge 6 - Developments in Sludge Treatment & Disposal. 
University of Surrey,
Introduction to Thames Water, Reading
10-11 September 1996. 
16^  ^September 1996. 
8-9*'’ October 1996.
29*'’ October 1996. 
15-17*'’ January 1997.
4.3 Student I Supervisor Meetings:
17**’ October 1996 
21®* March 1997
4.4 Forthcoming Events:
EngD Modules:
4.5
Sociology. 7*'’ -11*'’ April 1997, UoS
Risk Perception. 19"’ -23'"* May 1997, UoS
Environmental Measurement. 23"* - 27*'’ June 1997, Brunei
Hands-on-Audit. 21®*-25*'’ July 1997, Brunei
Conferences & Seminars:
Lunch time seminar. Department of CPE, UoS, 15*'’ April, 1997.
EngD conference, UoS, 16**’ -17*'’ September. 1997.
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5. Contribution to Environmentai Technology
I believe that this project will make the following contributions in the field of environmental 
technology:
• The design of aeration systems will be improved by a better knowledge of their 
performance under process conditions.
• The biological reliability of plants will be increased through the optimisation of the oxygen 
supply. Monitoring of the ageing of the aeration systems will be facilitated by the periodic 
measurement of their performance in normal operating conditions, without the need to 
shutdown the infeed to the plant.
These, in turn, will lead to energy savings from the setting-up of high performance, optimised 
configurations of aeration systems, and by better operational control of the plants.
The energy factor involved in the installation and operation of aeration systems is important. 
The estimated energy involved, on a European scale, in the treatment of wastewater being in 
the order of the million of TEP (Tonnes equivalent petroleum) with aeration accounting for 
some 60-80% of the energy consumed by such operations.
As well as the energy savings previously mentioned, the research project will have direct 
consequences on the application of the urban waste water directive 91/271/EEC which is 
aimed at improving the quality of water.
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6. Future Work
The following work package is proposed, and will be confirmed at the next student/supervisor 
meeting.
6.1 Performance of Fine Bubble Diffusers
Completion of the clean water comparative performance testing of various fine bubble 
diffusers.
6.2 Effect of Specific Variables Upon Alpha
Investigations into the effects upon alpha factors by:
• depth
• diffuser type
• airflow rate
• diffuser density
It is envisaged that the above Investigations will be performed using a detergent added test in 
order to create a synthetic alpha factor. Depending upon the outcome of the above work, it 
may be repeated using live activated sludge.
The purpose of the work is to attempt to clarify the effects of the variables on the alpha factor. 
If alpha is found to be independent of the variables, it is hoped that a portable alpha test could 
be developed. This would enable the gathering of field data to evaluate the true values of 
alpha encountered in operational sites.
6.3 Effects of Contaminants Upon Bubble Formation
In conjunction with this work, it is proposed to undertake investigations into the effects of 
various contaminants upon the mechanisms of bubble formation. It is envisaged that this 
work will be undertaken at the laboratory scale and involve the use of high speed cameras 
and image analysis software.
It is hoped that this work will reveal how bubble formation occurs with differing aeration 
devices, and the effects of specific contaminants upon the mechanisms of bubble formation, 
bubble release, and bubble size.
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7. Attainment of EngD Core Competencies
The Engineering Doctorate in Environmental Technology sets out a series of core 
competencies that, it is hoped, all research engineers will attain by the end of their doctorate. 
I intend to outline these competencies, and report the progress which I believe I have made 
towards attaining them.
7.1 Ability to plan and execute flexible, innovative, R & D programmes that 
respond to customer needs
This is a competency that will be gained throughout the course of the EngD programme. The 
EngD module. Project Management, has been completed, and the experiences gained from 
this will be drawn upon whilst planning the future direction of my project.
Now that the initial literature review has been completed, the future direction of the project can 
be decided. It is anticipated that the detailed planning will be completed within the next month 
and will include input from the internal customers, who have been identified as Thames Water 
Operations and Thames Water Engineering, and industrial and academic supervisors.
7.2 Form, work within, and where necessary, lead teams with 
multidisciplinary backgrounds
Undertaking the EngD Induction module showed the importance and benefits of teamworking.
I have already become part of several multi-disciplinary teams. I have become involved with 
the Thames Water aeration strategy team, whose remit is to develop a coherent strategy for 
the installation, operation, and maintenance of aeration equipment within Thames Water. My 
role in this team is to evaluate the relative performance of several types of fine bubble 
diffusers over a range of airflows. This will enable an informed decision to be made upon the 
replacement of aeration equipment for several large capital schemes.
I have been part of the Thames Water Aeration Testing team. This is an external and internal 
service, which undertakes the testing of aeration equipment to ensure contractual compliance. 
This work has provided me with a valuable insight to some of the practical problems 
encountered with regard to evaluating the performance of aerators.
! will be co-organising the 1997 annual EngD dinner, along with Rikki Bahtia, a fellow research 
engineer.
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7.3 Have expert knowledge in the field of environmentai technology and be 
able to apply techniques that balance social and economic benefit 
against resource utilisation and environmentai impact
This is a competency that will grow as the EngD programme progresses. I believe that I have 
already begun to gain expert knowledge. By undertaking a comprehensive literature review 
with regard to the inhibition of oxygen transfer within wastewater, and tying this in with 
practical experience of aeration equipment that I have been gaining, I have begun to acquire 
some of the required skills. It is important to consider the environmental aspects of my work 
at all times, and to this end, I have included a section on the considerations of environmental 
technology.
7.4 Possess a working knowledge of project management and business 
methods
The EngD module. Project Management, has been completed and the relevant coursework 
has been submitted. The experiences from this module will be used in the future planning of 
my project to ensure that a clear and concise work package is identified and executed to a 
relevant timescale. By assuming an active role in the costing and budgeting of the project it is 
hoped that I will also attain core business skills. I also intend to pay particular attention to any 
possible markets gaps that I may identify, with a regard to the possible exploitation of any 
such niches.
7.5 Have excellent communication skills
Communication is essential to the success of any project. By assuming a proactive approach 
to communication I intend to keep my fellow team members, peers, and customers informed 
of the progress of the project.
It is also hoped to undertake some collaborative research within the duration of the project. 
To this end it is intended to meet with other leading research establishment in the field of 
aeration within Europe. It is hoped that this will lead to a more effective use of resources and 
enable the attainment of many more common goals.
The Performance of Fine Bubble Diffusers 6 - 1 1
6 Month Report
APPENDIX 1
Initial Literature Review
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A Review Of The Variables That May Influence 
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1. Introduction
The performance of aerobic processes is influenced significantly by mass transfer 
phenomena. Many operating variables are reported to affect oxygen transfer and the 
interactions between these variables are complex. By gaining an understanding of the exact 
mechanisms and the effect of the numerous inter-related variables it will be possible to 
provide simpler design and operational procedures, resulting in improved efficiency and 
energy savings along with the subsequent environmental benefits.
The first observations of the inhibition of oxygen transfer within wastewaters were made as 
early as 1934 by Kessener and Ribbiusi. In order to encompass all of the various factors that 
may contribute to this inhibition, a relative oxygen transfer coefficient was devised. This 
relative coefficient has become known as the ‘alpha factor’.
Since a combination of variables, be they physical, chemical or biological, make the field 
application of any aeration device unique, difficulty has arisen in investigating and identifying 
the key factors that may contribute to the alpha factor.
It is the purpose of this review to consider the available literature on the inhibition of oxygen 
transfer with regard to diffused aeration systems, in an attempt to clarify the present state of 
thinking upon the alpha factor.
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2. Definition of the Alpha Factor
The factor is the ratio of the volumetric oxygen transfer coefficient of a particular wastewater 
(kua) to the corresponding oxygen transfer coefficient of potable water (kua) under the same 
conditions.
kia of wastewater 
kua of potable water
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3. Physio-chemical Variables That May Effect Alpha
3.1 Oxygen Solubility
The solubility of oxygen in wastewater is one factor that affects the mass transfer rate for 
oxygen. Oxygen solubility is itself, affected by several variables. As the temperature 
increases the solubility of oxygen decreases and the diffusivity coefficient increases. Oxygen 
solubility is also directly proportional to the partial pressure of oxygen in the gaseous phase.
Owing to oxygen only being slightly soluble in water, no large driving force can ever develop 
within the system. Any changes in solubility will therefore alter the driving force of mass 
transfer, (C* - Ct) and because of this, the decrease in oxygen solubility has been reported as 
being the dominant factor affecting the final mass transfer rateii.
The solubility as well as the diffusion coefficient varies with ionic strength and with the 
concentration of solutes which also changes the solution viscosity^.
Quickeriii has examined the solubility of oxygen in different fermentation media. He found 
that not only the components of the media but also the fermentation products will affect 
solubility. This may be of particular importance when considering the production of 
extracellular polymer substances (EPs).
3.2 Viscosity
The majority of research into the effects of viscosity on the oxygen transfer characteristics of 
fluids has been carried out in the field of fermentation. It has been found that there is a rapid 
decrease in the oxygen transfer rate (OTR) with increasing viscosity in the fermentation of 
Pénicillium.
This decrease in the OTR was consistent with the concept of a liquid-film controlled mass 
transfer operation in which the level of liquid turbulence determines the film thickness. As the 
level of turbulence is a function of the viscosity for a given power input, it may be concluded 
that the liquid film thickness is ultimately affected by the bulk phase viscosity.
Although it is not expected for activated sludge systems to develop viscosities as high as 
encountered in the fermentation of Pencillium, the two systems do have similar suspended 
solids concentrations, and thus may be expected to demonstrate similar effects upon cellular 
oxygen uptake rate (OUR).
The Performance of Fine Bubble Diffusers 6 - 1 7
6 Month Report
The production of extra-cellular polymers may also contribute to changes in the bulk phase 
viscosity. This is discussed in section 5.3.
3.3 Temperature
Changes in temperature will affect the rate of oxygen transfer and the utilisation of oxygen 
both physically and biochemically.
As the temperature increases, the oxygen transfer rate (OTR) should increase. This is due to 
the combined effects of the transfer rate coefficient (kua) increasing due to the decrease in 
viscosity, whilst at the same time, diffusivity increases.
However, the OTR will not change to the same degree as the changes in aforementioned 
physical variables (viscosity and diffusivity) might indicate. The rate of oxygenation is a 
product of kua (C*-C), and thus as the temperature rises the equilibrium-dissolved oxygen 
concentration (0*) falls. Therefore, the product of the two terms, kua and (C*-C), will increase 
less than kLa alone.
The effect of temperature on the cellular oxygen uptake rate (OUR) is similar to its effect on 
any other chemical or biochemical reaction. In general, biochemical reaction rates 
approximately double for every 10°C rise In temperature. This doubling of the reaction rate 
for a 10°C temperature rise is contrasted to changes in the mass transport rate that may only 
show only a 20% increase for a 10°C temperature rise.
3.4 Suspended Solids
The effects of suspended solids on the bulk hydrodynamics of the aqueous phase are 
dependent upon:
a) the viscosity of the fluid medium,
b) the concentration of the suspended matter,
c) the size and shape of the suspended matter,
d) the forces of interaction between the particles, i.e. the state of stability or flocculation of the 
suspension.
The effect of suspended solids upon the oxygen transfer characteristics of a wastewater are 
largely dependant upon the nature of the solids themselves. Casey and Karmoiv found that 
non-fiocculent solids have a negligible influence on the rate of oxygen transfer. They 
concluded that as these would have a direct effect upon the density and viscosity of the liquid, 
it may be said that these are not of major importance in the oxygen-water transfer context.
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This dismissal of the importance of viscosity in oxygen transfer is countered by Eckenfeider 
and O’Connorv who stated that a high mass of suspended solids reduced the oxygen transfer 
rate (OTR) by increasing viscosity. Theoretically, the addition of suspended solids to the 
aqueous phase will increase the liquid viscosity, and as a result, the oxygen diffusivity 
coefficient will decrease. The presence of suspended solids will also tend to dissipate the 
kinetic energy of liquid eddies. This reduction in effective turbulence will result in a lower 
frequency of surface renewal and lower values of liquid velocity. This will in turn result in a 
thicker boundary layer and corresponding larger values of diffusion time.
The effects of the thicker boundary layer and thus the effects on the rate of oxygen transfer, 
may be reduced by the introduction of agitation, which tends to decrease the thickness of the 
boundary layer.
The argument put forward by Eckenfeider and O’Connor is supported by Sundararanjan and 
Lu-Kwangvi who have reported that non-respiring solids retard oxygen transfer due to the 
lower oxygen permeability in the solids layer accumulated near the bubble surfaces.
For concentrations of suspended solids encountered within aeration systems, activated 
sludge has been found to exhibit plastic thixotropic viscosity, its yield strength varying 
exponentially with the suspended solids concentration.
3.5 Surface Active Agents (Surfactants)
3.5.1 Fundamental Considerations
A basic property of liquid surfaces is their tendency to contract to the smallest possible area. 
This property is attributed to strong inter-attractive forces between the molecules of the liquid 
itself and to the unbalanced nature of these forces at interfaces.
The spontaneous contraction of the liquid surface demonstrates that there is free energy 
associated with it, that is, work must be done on it to extend or increase the surface area. 
The common unit in which surface tension is measured, dynes/cm, is numerically equal to 
work per unit area and is therefore equivalent to the surface free energy.
When certain solutes are introduced into a liquid like water, the inter-molecular attraction 
among the solute molecules themselves may be stronger than that between the molecules of 
the water and those of the solute. The result of this attraction is to cause the surface of the 
liquid to be relatively richer in solute molecules than the main body of the liquid. Those solute 
materials which exhibit this adsorption phenomenon are known as surface active agents, or 
more commonly, surfactants.
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As water containing such surfactants is more strongly attracted unto itself than to the 
surfactants, the surface free energy (surface tension) of such mixtures is lower than that of 
pure water.
A change in surface tension is not the only effect noted at the interfaces of solutions of 
surfactants. It has been shown that the viscosity of adsorbed monolayers of surfactants is 
markedly higher than that of the water. This increased viscosity will, as previously discussed, 
have an effect upon oxygen transfer.
Surfactants are described chemically as amphiphatic compounds, that is they possess both 
polar and nonpolar regions on the same molecule. The classification of surfactants Is 
according to their hydrophilic (water-attracting) group as anionic, cationic, non-ionic, or 
amphoteric. The hydrophobic (water-repeliing) region of a surfactant molecule is commonly a 
long-chain hydrocarbon residue, but may also consist of an aromatic structure.
3.5.2 Surfactants and Oxygen Transfer
Surfactants have been reported to increase, decrease or have no effect upon oxygen transfer 
rates. In some instances, the presence of surfactants may reduce the oxygen transfer rate by 
as much as 80%. In other cases, it has been reported that the oxygen transfer rate is 
enhanced by the presence of surfactants. It may be said that their effects are dependant 
upon a complex interaction of many variables.
The effects of surfactants on aeration systems were first reported by Kessener and Ribbius* 
in 1934 and have subsequently been studied by numerous investigators. Baarsvii reported 
that commonly used anionic surfactants reduced the alpha factor of a fine bubble diffuser 
from 0.9 to 0.4 at concentrations of 4 to 10 mg/l resepectively. Baars also observed that the 
alpha factor for a surface aerator increased with surfactant addition, ranging from 1.0 at low 
surfactant concentrations to 2.0 at high concentrations.
Many other investigators have reported the effects of various surfactants upon aeration 
systems, but it is not practical or desirable to discuss their individual findings as a more 
thorough review is provided by Stenstrom and Hwangviii. It is, however, useful to observe 
the trends. In general, fine bubble diffusers appear to have the lowest alpha factors, while 
surface aerators appear to have higher alpha values, and in some cases, they approach 2.0.
Barnhart^ discusses the importance of bubble diameter to oxygen transfer. He reports that 
the addition of surfactants reduces the bubble diameter until the critical micelle concentration 
is reached. Beyond the critical micelle concentration very little reduction in diameter occurs.
The Performance of Fine Bubble Diffusers 6 - 2 0
6 Month Report
Barnhartix went on to propose mechanisms by which oxygen transfer is affected in the 
presence of surfactants. These mechanisms of transfer reduction or enhancement can be 
summarised as:
1. Reduction of the liquid film coefficient (KJ by the adsorbed surfactant;
2. Increased surface area normal to transfer due to decreased bubble size, fluid droplet size, 
and lower bubble terminal rise velocity;
3. Reduced surface renewal due to decreased bubble terminal rise velocity.
These proposed mechanisms can provide an explanation for the observed trends In alpha 
factors. The fine bubble diffuser provides a maximum surface area normal to transfer; thus it 
is unlikely that an Increase in surfactant concentration can significantly increase surface area. 
Thus, for a fine bubble diffuser, the net effect of surfactants will be a reduction in the oxygen 
transfer rate due to the reduced liquid film coefficient, (k j. Coarse bubble diffusers and 
mechanical aerators may well profit from increased surface area, since the bubble sizes 
produced by such devices are in general, quite large.
A second possible mechanism which may explain the trend in observed alpha factors is the 
rate of surfactant adsorption at the bubble surface. Danckwertzx said that the transfer 
coefficient is greatest at the instant of bubble formation and decreases as the bubble surface 
ages. Since adsorption of surfactants at the bubble surface requires time, significant amounts 
of oxygen transfer may occur before the surfactants can adsorb to the bubble surface. This 
mechanism predicts that aeration devices that have a high rate of surface renewal, should not 
be as adversely affected by surfactants as those devices which employ low surface renewal 
rates.
Houck and Boonxi reported that the presence of significant industrial waste fractions in 
municipal wastewater may reduce the alpha factor. They found that alpha was especially 
affected in the first segment of long, plug flow aeration lanes (to values as low as 0.3-0.4) 
where detergents and other surfactants haven’t had sufficient contact time to be biodegraded. 
As these surfactants are oxidised in passing through the aeration process, the alpha value 
increased to values of 0.8 or higher at the exit from the aeration lane.
The total of all mechanisms on alpha (reduction of film transfer coefficient, increase in surface 
area and retention time, reduction in surface renewal) have been estimated by Barnhart® for 
fine bubble diffusers and confirm the field observations of Kessener and Ribbius* who first 
reported low alpha factors.
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3.5.3 Surfactants in the Presence of Salts
Lynch and Sawyerxii found that the presence of salts In water influences the effects of most 
surfactants on oxygen transfer significantly. Salts causing hardness in water generally 
caused adverse effects in addition to those occurring when water contained no salts or only 
sodium salts.
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4. Effect of Dissolved Salts
Solubility and the diffusion coefficient vary with the ionic strength of solution, and with the 
concentration of solutes which will also affect the solution viscosity.
Dissolved salts, when in the presence of surfactants, also have an adverse effect upon 
oxygen transfer.
4.1 Removal of Mineral Salts
The removal of mineral salts during the process reduces the ionic strength of the wastewater, 
Keitel and Onkenxiii reported that the bubble size increased, and ‘a’ decreased, with 
decreasing ionic strength because of the increase in bubble coalescence rate, which is mainly 
attributed to the weaker electrostatic repulsive forces generated by the surface potentials.
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5. The effects of Biochemical I Biological Variables
The organisms that comprise the activated sludge bio-mass respond, iike any other biological 
system, very rapidly and with great flexibility towards environmental factors, simultaneously 
modifying the surrounding medium. Each individual bacterium is capable of exhibiting a high 
degree of metabolic and physiological flexibility, i.e. in response to a change in the substrate 
composition, the required enzymes are rapidly produced. Gene transfers between different 
bacterial strains aid this ability to acclimatise to environmental conditions. By this means it is 
possible for mutants to arise with different metabolic properties from those of the initial 
bacterial population.
Organisms within activated sludge may undergo a change in their biochemical activity, which 
in turn will exert an effect upon the oxygen uptake from a variety of aspects. Thus the aerobic 
metabolic activity of bacteria is not only used to decompose wastewater constituents, 
providing a subsequent change in the concentrations of available substrates, but also to 
produce a range of high-molecular weight compounds which impart to the surrounding 
medium, namely the wastewater, in the form of extra-cellular enzymes.
Bacterial mucilages in particular have been found to effect the viscosity of the medium. 
Norberg and Enforsxiv report a relationship between decreasing substrate concentration and 
increasing viscosity, as well as increased content of extracellular polysaccharides. In batch 
tests, it was found that viscosity reached a maximum as the bacteria passed from the 
stationary growth stage into the decay stage. A majority of the substrates known to cause a 
rise in the viscosity are composed of extracellular polymers, which are known to have a 
strong inhibitory effect on mass transfer, and thus will in turn influence the rate of oxygen 
transfer.
5.1 Biological Enhancement of Oxygen Transfer
5.1.1 Respiration of Ceils Accumulated at the Gas-Liquid interface
Two theories have been proposed to account for the respiration of interfacially adsorbed cells. 
It has been postulated that oxygen may be transferred directly from the gas bubble to 
respiring microorganisms accumulated at the gas-liquid interface. The mass transfer 
resistance associated with the liquid film surrounding the gas bubble and cells are thus 
eliminated.
On the other hand, Tsaoxv proposed that the oxygen consumption by the cells accumulated 
in the liquid film adjacent to the gas-liquid interface results in steeper oxygen concentration
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gradients in the vicinity of the interface. This theory was also used by Mines and Sherrardxvi 
to explain their results of enhanced oxygen transfer in a wastewater treatment process.
Sundararanjan and Lu-Kwang® stated that cell respiration can effect oxygen transfer to 
differing extents depending upon two independent factors; the specific oxygen uptake rate 
(OUR)sp, and the interfacial solids accumulation.
(OUR)sp describes the respiration rate per unit mass of solids (kg 0 2 /kg dry solids . s). It 
varies with the microbial populations established within the plant's solids, their metabolic 
states, and the process condition, including temperature, and nutrient availability. It is also 
reported that for the same degree of interfacial solids accumulation, a higher (OUR)sp is 
expected to intensify the enhancement effects of cell respiration, regardless of whether the 
mechanism is due to direct oxygen transfer from gas bubbles to the cells, or due to the 
generation of a steeper oxygen concentration gradient near the gas liquid interface.
5.2 Biological Cells as Suspended Solids
Biological cells may also act as solid particles, and thus can change the hydrodynamics 
around the gas-liquid interface. Andrews et alxvii observed higher bubble mass transfer rates 
when particulates were present. Cellular activity was not shown to be responsible, the 
phenomenon being attributed to the influence of solid particles on the hydrodynamic flow 
around the attached bubble.
Andrews proposed a theory to describe the effects of cells on oxygen transfer from rising 
bubbles. This stated that the hydrodynamic drag on the cells attached to a bubble would 
move the interface that would have, normally, been immobilised by the adsorption to the 
interface of any surfactants present. It has been shown that the cell interception efficiency of 
bubbles is higher with a mobile interface. This enhancement of interceptions or collisions, 
leads to more cells attaching to the interface, and an even greater interception efficiency. 
This phenomenon, termed the ‘snowball effect', may ultimately result in higher values of I<l, 
thereby enhancing the bubble oxygen transfer.
However, Sundararanjan and Lu-Kwang® have reported this effect to be significant within 
specific ranges of solids and surfactant concentrations.
Against the existance of the snowball effect, Bungay and Masakxviii have argued that the 
cells accumulated at the interface can retard oxygen transfer by a blockage mechanism 
resulting in the slower oxygen permeation in the cell layer.
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5.3 Extracellular Polymeric Substances (EPS)
Li and Ganczarczykxix reported that their observations on the interior of activated sludge 
floes revealed the presence of large amounts of extracellular polymers (EPs). These 
biopolymers were seen within the floes to form a matrix to connect most of the 
microorganisms together, and to maintain the integrity of the floes.
EPs have different densities, rheological properties, and a different physical state from those 
of microbial ceils in the floes. They represent the third major component of the floe after 
micro-organisms and water, and thus make a considerable contribution to the density and 
porosity of the floes.
EPs influence the activated sludge process in that the substrates and products transfer to, 
and from, the microbial ceils in the floes. The substrates have to overcome not only the 
diffusionai resistance of water, but also that of the EPs in the floes before they reach the 
majority of the cells, especially those encapsulated in the microcolonies that are completely 
surrounded by the polymers. This additional resistance will increase the path length along 
which oxygen must diffuse, and thus will inhibit oxygen transfer from the bulk liquid to the 
respiring cells.
Reduced presence of the EPs was observed only in sections of AS floes that had been 
exposed to higher organic loadings.
5.4 Biosurfactants
Many bacteria, including those encountered within activated sludge, can produce surface 
active substances, which are released to the surrounding medium. Surfactants produced by 
microorganisms are usually lipidsxx. Their surfactant properties result from a combination of 
polar and apolar moieties in a single molecule. The apolar or hydrophobic portion is usually a 
hydrocarbon. The most common example is the hydrocarbon chain of a fatty acid.
Cooper and Zajic*^ reported that the type and composition of the surfactants produced by the 
bacteria depended heavily on the nature of the substrates introduced. Certain constituents 
may also increase the production of extracellular polymeric substances. They also stated that 
changes pH can also affect the production of surfactants.
5.5 Effects of Other Biological Parameters on Oxygen Uptake
Burde and Steinmetzxxi reviewed previous studies regarding biological parameters that may 
affect oxygen uptake.
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One possible mechanism that may affect oxygen uptake is the adsorption properties of the 
sludge. Both dissolved and particulate ingredients have been reported to be rapidly removed 
from raw sewage, which was contacted with activated sludge. Hence, in addition to the effect 
of decomposition processes in treatment performance, adsorption processes may also be of 
particular importance.
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6. Variance in Aipha Factor
The alpha factor also changes substantially with wastewater characteristics. This variance in 
alpha factor can largely be attributed to the changing characteristics of the raw wastewater 
with time of day, or day of week.
Wheatland and Boonxxii reported changes in alpha factor with increasing levels of treatment, 
for fine bubble diffuser aeration systems. They related alpha factor change to total oxygen 
consumed during treatment, finding an alpha factor ranging from approx. 0.3-0.4 for 100 mg 
O2 absorbed to 0.7-0.8 for 300 mg O2 absorbed.
Their findings have particular significance for plug flow aeration systems where the greatest 
spatial variability is to be expected. This variability is amplified when used for tapered 
aeration systems, since a simple arithmetic average may not accurately reflect the true 
average.
Sludge age has also been highlighted as being of importance. Alpha factor has been 
reported to increase with sludge age. It has been suggested that owing to the improved 
oxygen utilisation with increasing sludge age, nitrifying activated sludge plants could be 
operated just as economically as those solely concerned with BODg decomposition.
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7. Effect of Scale-up on the Alpha Factor
Doyle et alxxiii investigated the effects of scaie-up with respect to the alpha factor. They 
concluded that the oxygen transfer characteristics of a uniform grid fine bubble aeration 
system could be modelled fairly well in a column vessel, although a high diffuser density 
would yield an elevated SOTE. They also found that the alpha factor for a diffused air system 
to be a function of liquid depth.
Although alpha can be said to be modelled fairly well within columns, Hwang and 
Stenstromxxiv reported that kta values are about 20% higher at full-scale compared to 
column tests. This difference is believed to be the result of column wall effects that change 
the mixing pattern, bubble rise velocity and bubble entrapment. They stated that by ratioing 
the values obtained in the column to their equivalent value in the aeration tank, and by using 
the appropriate alpha values, column tests can closely predict full-scale performance.
The contribution of depth and thus the influence of changing oxygen transfer mechanisms in a 
rising plume, were discussed by Stenstrom and Gilbertxxv. They proposed that three 
distinct transfer regions for fine bubble diffused aerators exist. These are;
1. the region of bubbie formation, where surface renewal and transfer are high;
2. the region of rising bubbles, where reduced transfer occurs;
3. the surface region, where the surface ‘boil’ produces transfer.
They suggested that the contribution of each specific region would vary depending upon 
depth.
This argument is countered by the work of Tewari and Bewtraxxvi who reported that, although 
kua is dependent upon depth, airflow rate, aeration device and geometrical configuration, the 
alpha factor was independent of these variables, concluding that alpha factor only varied with 
the characteristics of the wastewater.
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8. Summary
From the previous discussion, it can be concluded that alpha factor testing is at best an 
inexact science.
Due to the magnitude of the changes of alpha factors reported for the same systems, there is 
a requirement to characterise the variance of the alpha factor due to wastewater 
characteristics changing with time of day, and day of week.
Alpha factor is strongly affected by the generic type of aeration device. There is convincing 
evidence to indicate that alpha factors for fine bubble diffusers are lower than those 
encountered by surface aerators.
Surfactants profoundly affect oxygen transfer in bubble aeration, usually in an adverse 
manner. In general, the oxygen transfer coefficient exhibits a decreasing trend as the number 
of carbon atoms in the alkyl chain increases. The effect of a surfactant on oxygen transfer is 
also a function of the character of its hydrophilic group as well as its hydrophobic group.
The presence of salts in water influences the effect of most surfactants on oxygen transfer 
significantly. In particular, salts causing hardness in water generally cause adverse effects in 
addition to those occurring when the water contains no salts or only sodium salts.
The properties of a wastewater, which are of importance to the oxygen transfer capability, can 
be altered by the degree of treatment activity. The changes in the water’s contents of 
surfactants and the removal of mineral salts during the process have been identified and 
described earlier as two important factors for consideration.
The organic matter accumulated on the surface of the suspended solids may undergo direct 
chemical oxidation or a biologically mediated (enzymatic) reaction, which may consume 
molecular oxygen. The influence of reactive solids on oxygen transfer is not only dependant 
on the kinetics of the chemical reaction at the solid-liquid interface, but is also a function of 
the biological activity.
General conditions for alpha testing should resemble the conditions of the full-scale system 
as closely as possible. Ideally, the alpha factor should only include the effects of the water or 
wastewater constituents, however, at present alpha factors may well include many process- 
related phenomena, such as the effects of scale-up.
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The goal of proper alpha factor evaluation must be the elimination of all spurious phenomena 
in order to leave the alpha factor for a particular system, dependent only upon wastewater 
characteristics.
The development of a portable alpha test which can be scaled up to accurately predict alpha 
factors for full scale equipment must therefore be of a high priority.
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APPENDIX A 
Nomenclature
a gas-liquid interfacial area (m^)
C dissolved oxygen concentration (mg/L)
C* saturated dissolved oxygen concentration (mg/L)
Cl dissolved oxygen concentration in the bulk liquid (mg/L)
l<L mass transfer coefficient of liquid film (m s'^)
kua volumetric mass transfer coefficient (s'^)
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1. Project Summary
Dissolved oxygen is essential for the aerobic biological treatment of wastewater. The rate at 
which oxygen is transferred into solution by an aeration device, and the amount of energy 
used during the process will effect the efficiency and hence the cost of treatment. There often 
exists a difference in wastewater oxygenation capacity compared to that of potable water 
under the same conditions. This reduction is due to the presence of mechanisms which inhibit 
the oxygen transfer process. This inhibition is of oxygen transfer is characterised by the alpha 
factor.
There a number of variables, be they physical, chemical or biological, that are believed to 
contribute towards the alpha factor. The remit of this research project is to undertake 
investigations in order to develop an understanding of how these complex interactions 
combine to cause the alpha factor. The ultimate goal of the research being able to mitigate 
these effects, thus reducing or even eliminating the alpha factor.
An increased knowledge of the variables which contribute towards the alpha factor will provide 
important information to the designers and operators of wastewater treatment plants, enabling 
improvements in the energy efficiency and final effluent quality of such plants to be achieved.
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2. Project Rationale
The European Directive on urban wastewater of May 21-, 1991 (Directive 91/271/EEC) 
requires, by 31st December, 2000, the connection of wastewater to a collection system for all 
communities of over 15,000 Population Equivalents (PE), and the treatment of the wastewater 
in sewage stations with greater reliability and reinforced monitoring. After 2005, these 
conditions will apply to communities of over 2,000 PE.
The application of this directive to the member states of the European Union will require 
considerable investments over the next 10 years, assessed at 63 billion ECU’s for Germany, 
12 billion ECU’s for France and 7.2 billion ECU’s for England and Wales. To meet the 
specifications of the directive, hundreds of sewage stations will therefore have to be built or 
upgraded throughout Europe.
The majority of sewage works are biological treatment plants, in which bacterial cultures 
degrade the organic matter of the wastewater to transform it into new bacteria, (excess sludge 
is periodically extracted from the reactor), carbon dioxide and water. In order for these 
biological systems to operate effectively, oxygen has to be provided to the aerobic bacteria via 
aeration systems.
The aeration system is a key component of the aerobic biological sewage plants for two main 
reasons;
• the quality of the wastewater treatment is directly linked to a sufficient input of oxygen,
* aeration accounts for 60-80% of the energy consumed by the majority of such installations.
One of the contributory factors for the overall efficiency of aeration systems, is the rate at 
which is oxygen transferred into solution by the aeration device (porous diffusers, surface 
aerators, etc.) and thus has a direct effect upon the amount of energy consumed during the 
process and the subsequent costs incurred.
Due to the financial implications of an under-performing system it is common practice within 
Europe for the aeration capacities of new aeration equipment to be specified as the oxygen
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transferred to clean water under standard conditions. It is usually impractical to use clean 
water for an aeration test, hence it is common for final effluent to be used instead. It is 
therefore important that the derived oxygenation capacity from the final effluent test is related 
to the specific clean water value in order to evaluate the system performance and to determine 
contractual compliance.
There often exists a discrepancy in the performance of aeration equipment within final effluent 
compared to that in clean water, this difference is characterized by the alpha factor. The alpha 
factor may be defined as the ratio between the performance of an aeration system, in terms of 
oxygen transfer, in a wastewater and its performance under the same conditions within clean 
water.
There are a number of factors that are believed to contribute to the alpha factor. Investigations 
are to be undertaken to develop an understanding of how these factors interact to inhibit the 
process of oxygen transfer within wastewaters.
Thus the overall objective of the research is to develop in the laboratory and to validate in 
operational plants, methods for the measurement of the oxygenation performance of aeration 
systems in wastewater works, in clean water on the one hand (commissioning of the plants 
prior to start-up), and in the presence of biological cultures on the other hand (dirty water 
testing).
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3. Progress to Date
A considerable amount of time in the last six months has been spent attending EngD core 
modules as detailed in Section 4 and the completion and submission of the associated 
coursework.
A new 6m deep bubble column test rig and air distribution and flow measurement board has 
been built. At present it is awaiting health and safety inspection prior to commissioning. The 
work that this rig is intended to undertake is detailed in Section 6.
Investigations were made into the possibilities of using acoustic techniques for determining 
bubble size distributions from fine bubble diffusers. This work was performed in conjunction 
with Dr. Richard Menassiah of CSIRO, Melbourne Australia. The air flows per diffuser typically 
encountered in the operation of fine bubble diffused air systems were found to produce 
significant amounts of noise and interference. This noise made the sound spectrum generated 
by the bubble plume difficult to detect. However, there Is potential for using acoustic 
techniques for examining the effects of specific contaminants upon “standard bubbles” within 
the laboratory.
I have been assisting Henrietta Maynard, a fellow research engineer, in performing a series of 
tracer studies of the tertiary treatment lagoons at Holmwood WTWW.
A paper was submitted to and presented at the EngD conference in September. The paper, 
entitled "Alpha Factor - The effect of physical variables upon oxygen transfer in wastewaters” 
is included in appendix 1.
I have attended several EU aeration working group meetings. This has resulted in the 
submission of an application to the EU for funding for the DOMTAE project (Development of 
Measurements for the Testing of Aeration Efficiency). This Is a proposal for research into 
developing methods for measuring the efficiency of aeration equipment. My work into the 
alpha factor is an integral part of this proposal. The formation of the proposal has enabled me 
to discuss at length my area of interest and proposed work program with the leading aeration
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experts within Europe. This has given me great confidence in the methodology that I proposed 
to undertake and in the originality of my research area. It has been agreed between all 
interested parties to maintain the excellent communications that have been established in 
order to coordinate our Individual research areas. This co-operation should lead to valuable 
contributions in an academic and industrial context to be made on a broad front.
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4. Events; Past and Forthcoming
4.1 EngD Modules Attended:
Introduction to sociology module,
Risk perception module.
Environmental Measurement Module, 
Hands-on-audit module.
8*"-11‘"April 1997 
2oth_23rd May 1997 
23rd _ 2/h  June 1997
2 f ‘ -2 5 ‘" July 1997
4.2 Courses. Seminars. & Conferences Attended:
EngD Conference, University of Surrey, 16‘" - 1 7 ‘" September 1997
4.3 Student / Supervisor Meetings:
28‘" April 1997 
2"'* June 1997 
14*" July 1997 
11*" September 1997
4.4 Forthcoming Events:
EngD Modules:
Clean technology module. 
Risk communication module. 
Environmental law module,
20*"-24"' October 1997ith
25*"-28*" November 1997
30*" March -  3'"* April 1997
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5. Contribution to Environmental Technology
I believe that this project will make the following contributions in the field of environmental 
technology;
• The design of aeration systems will be improved by a better knowledge of their 
performance under process conditions.
• The biological reliability of plants will be increased, through the optimization of the oxygen 
supply. Monitoring of the aging of the aeration systems will be facilitated by the periodic 
measurement of their performance in normal operating conditions, without the need to 
shutdown the influent to the plant.
These in turn will lead to energy savings from the setting-up of high performance, optimized 
configurations of aeration systems, and by better operational control of the plants.
The energy factor involved In the installation and operation of aeration systems is important. 
The estimated energy involved, on a European scale, in the treatment of wastewater being in 
the order of the million of TEP (Tonnes equivalent petroleum) with aeration accounting for 
some 60-80% of the energy consumed by such operations. With regard to Thames Water, 
aeration costs are in the region of £l3million per annum.
As well as the energy savings previously mentioned, the research project will have direct 
consequences on the application of the urban waste water directive 9 1/27 1/EEC which is 
aimed at improving the quality of water.
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6. Future Work
The following work package is scheduled to take between 6-8 months. The purpose of the 
programme is to attempt to understand the contributions made by the various physical factors 
towards the alpha factor. This information is required in order to design a simple, portable 
alpha factor test. It is hoped that the development of such a test will enable the gathering of 
site-specific operational alpha factors. These values, along with a comprehensive analysis of 
the wastewater, will hopefully identify certain common factors to the reasons of oxygen 
transfer inhibition.
6.1 Effect of Specific Variables Upon Alpha
Investigations into the effects upon alpha factors of:
• depth
• diffuser type
• air flowrate
6.2 Depth
Investigations will be undertaken at depths between 2m and 6m in 1 m increments. This range 
has been selected as it encompasses the majority of depths of activated sludge plants that are 
already in use in the UK. It is hoped to determine the contribution that depth makes to the 
alpha factor. If this relationship can be determined, it is hoped that subsequent development of 
an alpha factor test can be scaled In order to make the logistics of analysis simpler.
6.3 Diffuser Type
The three common generic diffuser types; ceramic, porous plastic, and membrane, will be 
evaluated in order to determine if the alpha factor is influenced by diffuser type. This will have 
a bearing upon the development of an alpha factor test with regard to the type of diffuser 
selected.
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6.4 Air Flow Rate
The effect of the specific airflow rate per diffuser unit area needs to be established with regard 
to the alpha factor. This is necessary in order to ensure that in any alpha test developed, the 
airflow rate chosen for the test is representative.
It is envisaged that the above investigations will be performed using a detergent added test In 
order to create a synthetic alpha factor. Depending upon the outcome of the above work, it 
may be repeated using live activated sludge.
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7. Attainment of EngD Core Competencies
The Engineering Doctorate in Environmental Technology sets out a series of core 
competencies that it is hoped that all research engineers will attain by the end of their 
doctorate. I intend to outline these competencies, and report the progress that I believed I 
have made towards attaining them.
7.1 Ability to plan and execute flexible, innovative, R & D programmes 
that respond to customer needs
By detailing the future work program for the next six months (see Section 6) I believe that I
have begun to demonstrate my competency with regard to this particular objective. In
determining the content of this work package, there was strong communications with the
project customers, Thames Water Engineering, and with other research institutions within
Europe, to ensure that the work was of industrial relevance and was original.
7.2 Form, work within and where necessary, lead teams with 
multidisciplinary backgrounds
I have already become part of several multi-disciplinary teams. I have become involved with
the Thames Water aeration strategy team, whose remit is to develop a coherent strategy for
the installation, operation, and maintenance of aeration equipment within Thames Water. My
role in this team is to evaluate the relative performance of several types of fine bubble
diffusers over a range of airflows. This will enable an informed decision to be made upon the
replacement of aeration equipment for several large capital schemes.
I have been part of the Thames Water Aeration Testing team. This is an external and internal 
service that undertakes the testing of aeration equipment to ensure contractual compliance. 
This work has provided me with a valuable insight to some of the practical problems 
encountered with regard to evaluating the performance of aerators. I continue to have regular 
contact with this team, and it is proposed to form a discussion group that will meet on an 
informal basis in order to determine the pertinent issues with regard to aeration testing. This 
will ensure that the direction of my research has, at all times, industrial relevance, and is 
capable of supporting the commercial operations in an expert manner.
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As mentioned in my eth month report, I will be co-organising the 1997 annual EngD dinner, 
along with Rikki Bahtia, a fellow research engineer. This is due to take place on Friday, 24tl- 
October 1997 at the Postehouse Forte hotel In Guildford.
7.3 Have expert knowledge in the field of environmental technoIo~ and 
be able to apply techniques that balance social and economic 
benefit against resource utilisation and environmental impact
This is a competency that will grow as the EngD programme progresses. I believe that I have
already begun to gain expert knowledge. By undertaking a comprehensive literature review
with regard to the inhibition of oxygen transfer within wastewater, and tying this in with practical
experience of aeration equipment that I have been gaining, I have begun to acquire some of
the required skills. It is important to consider the environmental aspects of my work at all
times, and to this end, I have included a section on the considerations of environmental
technology.
7.4 Possess a working knowledge of project management and 
business methods
By assuming an active role in the costing and budgeting of the project it is hoped that I will 
also attain core business skills. I also intend to pay particular attention to any possible markets 
gaps that I may identify, with a regard to the possible exploitation of any such niches.
7.5 Have excellent communication skills
Communication is essential to the success of any project. By assuming a proactive approach 
to communication I Intend to keep my fellow team members, peers, and customers informed 
of the progress of the project.
Over the last six months I have had several meetings with other leading research 
establishments in the field of aeration within Europe. These were; CEMEGRAF of France, 
CEBADEAU of Belgium, and the Institute of WAR in Damstadt, Germany. Together we have 
submitted a proposal to the European Union for funding for research into the inhibition of 
oxygen transfer. This project is known as the DOMTAE Project (Development of 
Measurements for the Testing of Aeration Efficiency). Even if this funding proposal is
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unsuccessful it has been agreed that all parties will work together in order to make more 
effective use of resources and enable the attainment of many more common goals.
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ALPHA FACTOR - THE EFFECT OF PHYSIC.AL VARIABLES UPON 
OXTGEN TRANSFER IN WASTEWATERS
A. Mercer P. Pearce S. Williams H. Muller-Sieinhagen J. Smith
1. Thames Water. Research & Technology, Manor Farm Road, Reading, Berkshire, RG2 I HZ.
2. Dept, of Chemical & Process Engineering, University of Surrey, Guildford, Surrey, GU2 5XH
Abstract
Dissolved oxygen is essential for the aerobic biological treatment o f wastewater. 
For activated sludge systems, the rate at which oxygen is transferred into solution 
by an aeration device, and the amount o f  energy used during the process will 
effect the efficiency and hence the cost o f treatment. There is often a reduction in 
wastewater oxygenation capacity compared to that o f potable water under the 
same conditions. This reduction is due to the presence o f mechanisms which 
inhibit the oxygen transfer process. This inhibition of oxygen transfer within 
wastewaters is characterised by the alpha factor. There are a number o f  variables, 
physical, chemical or biological, that are believed to contribute towards the alpha 
factor. An increased knowledge o f  the variables which contribute towards the 
alpha factor will provide important information to the designers and operators of 
wastewater treatment plants, enabling improvements in energy efficiency and 
effluent quality o f such plants. This paper reviews the current state o f knowledge 
of how various physical factors affect oxygen transfer, and discusses their 
possible contributions towards the overall alpha factor.
Key words: Activated sludge, aeration,wastewater, oxygen transfer, physical variables, alpha factor.
Introduction
The activated sludge process is an aerobic biological process that is used extensively for 
the treatment o f both domestic and industrial wastewaters. The performance o f  such 
aerobic processes is influenced significantly by mass transfer phenomena. Many 
operating variables are reported to affect oxygen transfer and the interactions between 
these variables are complex. By gaining an understanding of the exact mechanisms it 
will be possible to provide simpler design and operational procedures, resulting in 
energy savings and their associated environmental benefits.
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Aeration: General Theory
Oxygen transfer is the key to effective aerobic biological treatment of Wastewater. The 
rate at which oxygen can be made available to micro-organisms determines the rate at 
which the wastewater can be purified. Due to the low solubility of oxygen and thus the 
low rate o f oxygen transfer, sufficient oxygen to meet the requirements o f aerobic 
wastewater treatment does not enter water through the normal surface air-water 
interfaces. To transfer the large quantities o f oxygen that are needed, additional 
interfaces must be formed. This is done by either introducing air into the liquid in the 
form o f bubbles, or by exposing the liquid in the form of droplets, to the atmosphere.
In wastewater treatment plants, submerged fine bubble aeration is most frequently used. 
Fine bubble diffusers are defined as those diffusers, which when new produce bubbles 
o f 2-5 mm diameter in clean water (EPA, 1989). This study will be confined to fine 
bubble aeration.
Oxygen Transfer
The transfer o f oxygen into the mixed liquor is a two stage process. The first step is the 
entrainment o f minute bubbles in the mixed liquor, thus creating a large air/water 
interface. These bubbles are formed by the introduction of air via diffusers along the 
bottom o f the aeration tank. The second step is the transfer of oxygen into the bulk 
liquid. The rate o f transfer is governed by the solubility o f oxygen in the wastewater 
and by the amount already dissolved in the bulk liquid (Lewis and Wnitman, 1924).
In clean water, the rate o f oxygen transfer per unit time, per unit volume is given by:
OTR = d £  = kLa (C* - Cl) (1)
dt
Where OTR is the Oxygen Transfer Rate and dC/dt the rate of change o f oxygen 
concentration; kLa is the mass transfer coefficient (with 'a' being the interfacial area per 
unit \'olume and kL the liquid phase mass transfer coefficient for oxygen) and C* and 
Cl are the saturation and bulk liquid concentrations respectively.
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In the case of activated sludge systems, oxygen is transfeixed from the gaseous phase to 
the liquid phase. There are many proposed theories by which this transfer may occur, 
the most commonly acknowledged of which is the Two-Film Theory as proposed by 
Lewis and Whitman in 1924. Although over simplistic in its mechanism and long since 
superseded by more realistic theories, such as penetration theor>' and surface renewal 
theory, the two-film theory is still widely used where mass transfer coefficients are the 
common rate identifying parameter.
Two-film theory proposed the existence o f a gas-liquid interface separating well mixed 
gaseous and liquid phases. It was postulated that the interface between the two phases 
was overlain on both sides by films; a gas film on one side and a liquid film on the 
other. These films were considered to offer the major barrier to the passage o f  the 
transferring component, which had to be transported across them by molecular 
diffiision.
Liquid film
Bulk Liquid
Gas Phase
Gas film
Figure 1
Diagrammatic representation of the two-film theory of gas-liquid mass transfer.
In the bulk liquid (and in the gas phase also) turbulent mixing is considered sufficient to 
maintain a uniform concentration; Pg in the gas and C in the liquid. Thus concentration 
profiles occur only across the two films, with the driving force, in partial pressure terms 
for the diffusing component, being (?„ - PJ across the gas film and (Cj - C) in 
concentration terms across the liquid film. At the interface, the lines representing these 
concentration gradients (figure 1) do not meet. This discontinuity indicates an
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equilibrium condition for the diffusing component between the two phases as expressed 
by Henry’s Law:
Pi -  H Ci (2)
where P, = partial pressure (atm), Cj -  concentration in liquid phase (gT) and H is 
Henry’s Law constant relating the equilibrium concentration o f the dissolved 
component to its partial pressure in the gas phase.
At a steady state, the rate o f passage o f  the diffusing molecules is the same through both 
films:
N , = koa (Pg - P‘) = k^a (C' - C) (3)
where Lq = overall mass transfer coefficient (m/s) based on the gas film, and =  
overall mass transfer coefficient (m/s) based on the liquid film.
For the dissolution o f oxygen in water, it is generally accepted that the resistance o f the 
liquid film to passage of the molecules is very much greater than the corresponding 
resistance o f the gas film; that is, Henry’s Law constant (H) is small, indicating low 
solubility o f oxygen in water, and the liquid mass transfer coefficient, k  ^ is the 
controlling factor in determining mass transfer rates within wastewater systems.
Higbie (1935) proposed the Penetration Theory which is based on the proposition that 
mass transfer occurs by the replacement of oxygen from the oxygen rich liquid interface 
to the bulk solution. WTien turbulence is increased the exposure time o f  the gas to the 
liquid is decreased so the rate o f transfer increases. Experiments have shown that 
although the two film theory is accurate in most cases, the penetration theory that 
Higbie proposed proves closer to reality (Winkler 1981).
Bubble Characterisation
For a typical diffuser used for fine bubble aeration (a Nopon KKI 215 porous plastic 
diffuser) the typical bubble size distribution and corresponding rise velocities as 
reported by Popel and Wagner (1994) are given in table I.
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Airflow Rate per 
Diffuser 
(m3/hr)
Mean Bubble Diameter 
(mm)
Mean Vertical Rise Velocity 
(m/s)
1.99 2.23 0.39
3.58 2.4S 0.42
4.94 2.49 0.36
Table 1
Bubble Size Distribution for a KKI215 Nopon Diffuser
From the above values and the typical characteristics encountered within wastewaters, 
the bubble shape may be classified as “ellipsoidal” (Clift et al, 1978) and can be said to 
be oblate with a convex interface around the entire surface. The shape o f  the bubbles 
varies considerably, with for and aft symmetry rarely displayed. The motion o f such 
ellipsoidal bubbles has been observed to undergo periodic oscillations or a random 
wobbling motion whilst rising through the bulk phase (Clift et al, 1978).
Factors Affecting Oxygen Transfer
The overall oxygen mass transfer rate as shown in equation 1 cannot be used to predict 
the oxygen transfer under process conditions. The effects o f the constituents within the 
wastewater will often inhibit oxygen transfer. This inhibition is characterised by the 
alpha (a) factor and the beta (p) factor. These factors are defined as:
a  =
P  =
k^a o f  ivasieivater 
kia o f  potable water
wastewater C* 
potable water C*
(4)
(5)
The cc factor is reported to vaiy according to a number o f influences, including degree of 
treatment, wastewater constituents, turbulence and method o f aeration. It is the overall 
remit o f the research project, o f which this paper is a part, to investigate the variables 
that contribute to the a  factor.
The p factor refers to oxygen saturation solubility and is discussed below.
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Oxygen Solubility'
The solubility o f oxygen in wastewater is one factor that affects the mass transfer rate 
for oxygen. Oxygen solubility is itself, affected by several variables. As the 
temperature increases the solubility o f oxygen decreases and the diffusivity coefficient 
increases. Oxygen solubility is also directly proportional to the partial pressure of 
oxygen in the gaseous phase.
As oxygen is only slightly soluble in water, no large driving force can ever develop 
within the system. Any changes in solubility will therefore alter the driving force of 
mass transfer, (C* - C J and because o f this, the decrease in oxygen solubility has been 
reported as being the dominant factor affecting the final mass transfer rate (Vardar- 
Sukan, 1985).
Vardar-Sukan also reported that solubility as well as the diffusion coefficient varies with 
ionic strength and with the concentration o f  solutes which also changes the solution 
viscosity.
Quicker (1981) has examined the solubility o f oxygen in different fermentation media. 
He found that not only the components o f the media but also the fermentation products 
will affect solubility*. This may be o f particular importance when considering the effects 
of biological variables and their contribution to the overall alpha value.
The (3 factor (as defined in equation 5) is used to correct clean and wastewater oxygen 
transfer rates for differences in oxygen solubility due to the presence o f dissolved salts. 
Values o f (3 vary from 0.7 to 0.98. A value o f 0.95 being commonly used for 
wastewater (Metcalf and Eddy 1992).
Temperature
Changes in temperature will affect the rate o f oxygen transfer and the utilisation of 
oxygen both physically and bio-chemically. As discussed previously, the solubility of 
oxygen decreases with increasing temperature. Landine (1971) reviewed a number of 
correlations that have been determined from experimental data to describe the solubility
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o f oxygen in water and found that the correlation proposed by Montgomery et al (1964) 
was found to give the best agreement :
C = _  468_________  4-/- 0.04 g/m  ^ (6)
(31.6 + T)
for pure water at T^ C in equilibrium with air saturated with water vapour at latm, with T 
in the range 0 - 50°C,
As the temperature increases, the oxygen transfer rate (OTR) should increase. This is 
due to the combined effects o f the transfer rate coefficient (k^a) increasing due to the 
decrease in viscosity, whilst at the same time, diffusivity increases. However, the .OTR 
will not change to the same degree as the changes in aforementioned physical variables 
(viscosity and diffusivity) might indicate. The rate o f oxygenation is a product o f k^a 
(C*-C), and thus as the temperature rises the equilibrium-dissolved oxygen 
concentration (C*) falls. Therefore, the product o f the two terms, k a^ and (C*-C), will 
increase less than k^a alone.
The effect o f temperature on the cellular oxygen uptake rate (OUR) is similar to its 
effect on any other chemical or biochemical reaction. In general, biochemical reaction 
rates approximately double for every 10°C rise in temperature. This doubling o f  the 
reaction rate for a 10“C temperature rise is contrasted to changes in the mass transport 
rate that may only show only a 20% increase for a 10°C temperature rise.
Viscosity
The majority of research into the effects o f  viscosity on the oxygen transfer 
characteristics of fluids has been carried out in the field o f fermentation. It has been 
found that there is a rapid decrease in the oxygen transfer rate (OTR) with increasing 
viscosity in the fermentation o f Pénicillium (Diendoerfer and Gaden, 1955) This 
decrease in the OTR was consistent with the concept of a liquid-film controlled mass 
transfer operation in which the level o f liquid turbulence determines the film thickness. 
As the level o f turbulence is a function o f the viscosity for a given power input, it may 
be concluded that the liquid film thickness is ultimately affected by the bulk phase 
viscosity.
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Although it is not expected for activated sludge systems to develop viscosities as high as 
encountered in the fermentation o f -Pencillium, the two systems do have similar 
suspended solids concentrations, and thus may be expected to demonstrate similar 
effects upon cellular oxygen uptake rate (OUR). The production o f extra-cellular 
polymers are also reported to contribute to changes in the bulk phase viscosity (Burde 
and Steinmetz, 1993)
The importance o f  viscosity in oxygen transfer is discussed by Eckenfelder and 
O’Connor (1964) who stated that a high mass of suspended solids reduced the oxygen 
transfer rate (OTR) by increasing viscosity. Theoretically, the addition of suspended 
solids to the aqueous phase will increase the liquid viscosity, and as a result, the oxygen 
diffusivity coefficient will decrease.
Air Flow Rate
As the air flow rate per diffuser increases there is a significant increase in the overall 
oxygen transfer coefficient (K^a) and the standard oxygen transfer rate (SOTR) (Ashley 
et al, 1991). The principal mechanisms responsible for this are increased turbulence 
(Schmit et al 1978) and increased interfacial area (Ivlanvinic and Bev/tra, 1974). 
Ashley et al (1991) found that increasing the air flow rate had no effect upon the 
energy transfer, however, it is usual to observe a decrease in the transfer efficiency 
(SOTE) with increasing air flow rate for fine bubble diffusers (Mercer, 1997). This is 
demonstrated in figure 2.
As the air flow rate per diffuser increases,' the standard oxygen transfer efficiency 
(SOTE) decreases. This is due to the gas transfer mechanism during bubble formation 
and the degree o f air-bubble entrapment. A  high rate o f gas transfer occurs at the bubble 
formation stage due to the continual expansion of the fresh gas-liquid interface (Mancy 
and Okun, 1960). As air flow rate increases the time for individual bubble formation 
and subsequent oxygen absorption decreases. An increase in the air flow rate per 
diffuser also results in a reduction in the time intern al between bubbles. Gamer and 
Hammerton (1954) found that when bubbles are separated by less than 3 seconds the 
rise velocity is appreciably higher than for single bubbles. The difference was found to
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be as much as threefold at frequencies above 1 per second. This leads to an increase in 
bubble rise velocity and reduction in contact time. Larger bubbles are also produced 
thus increasing the likelihood o f coalescence, increasing the rise velocity, reducing 
further the contact time and also reducing the interfacial area..
5.5 .j.
5 lÎ
14 5 :
4 ^
O
OQ 3.5 ..
3 -
1 2  3 4
Airflow (Normal xn3/hr)
Figure 2
Plot o f  Standard Oxygen Transfer Efficiency vs Normalised Airflow (Mercer, 1997)
Increased air flow rates also create a greater concentration o f bubbles with relatively 
restricted lateral diffusion; thus oxygen transfer does not increase in proportion to 
airflow. This is termed the “chimney effect” (Ippen and Carver, 1954).
Diffuser Density and Placement
It is well documented within the literature (Ippen and Carver, 1954; Huibregste et al, 
1983) that increasing the number o f diffusers (dividing the airflow between more 
diffusers) results in an increase k[_a. Bewtra and Nicholas (1964) concluded that this 
response was a combined effect of (1) an increase in oxygen absorption during bubble 
formation, (2) a change in bubble rise velocity with air flow, Q,; (3) a change in bubble 
diameter and k^  with Q, and (4) a decrease in air-bubble entrapment as a result of 
decreased airflow per diffuser.
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Fiijie et al (1997) studied the effect o f diffuser placement upon the hydrodynamics and 
oxygen transfer characteristics within activated sludge aeration tanlis. They concluded 
that a total floor coverage arrangement o f diffusers on the bottom o f the tank gave the 
best oxygen transfer and mixing characteristics. They observed that the average liquid 
ascending-velocity in the bubbling zone was reduced to a minimum since there was no 
stable spiral liquid circulation existing in the tank. This reduction in liquid ascending 
velocity extended the gas-liquid contact time, increasing the gas hold-up per unit 
volume, which in turn enhanced the oxygen transfer.
Horizontal Velocity Across Diffuser
The effect o f a horizontal fluid velocity across the face o f the diffuser was studied by 
Deronzier et al, 1996. They reported an improvement in oxygen transfer due to a 
horizontal velocity o f 0.45 m/s o f approximately 43% in clean water and o f 21% under 
process conditions. Deronzier (1997) has proposed two mechanisms to explain this 
improvement in oxygen transfer. I) the specific interfacial area is enhanced by 
production o f smaller bubbles, due to a shearing effect of the horizontal velocity upon 
the nascent bubble; 2) horizontal velocity reduces the negative effect o f  spiral flows, 
thus decreasing the upward velocity o f the bubbles. Both mechanisms lead to an 
increase in the gas hold-up per unit volume and an increase in contact time.
Summary
It is evident that the mass transfer o f oxygen within fine bubble diffused air systems is 
dependant upon several physical and hydrodynamic properties bf a gas-liquid system. 
In order to be able to develop a valid and representative small scale test to determine the 
alpha factor o f a particular wastewater, it is important that the effects and contributions 
of the physical, chemical and biological variables can be identified and isolated.
This paper has reviewed how physical variables affect the rate of mass transfer within a 
gas/liquid system. From here it is intended to undertake an experimental program in 
order to determine the impact these physical variable have upon liquids o f  differing 
characteristics; namely potable water and a s^mthetic wastewater (potable water with
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added detergent). It is hoped that the alpha factor for such liquids will be found to be 
independent o f  many physical variables, thus simplifying the design of a small-scale 
alpha test. Such a test would enable the collection of considerable data with regard to 
determining site-specific alpha values and evaluating the performance of full-scale 
operational activated sludge plants, which at present is impractical.
The ultimate goal o f  this research is to be able to identify the components responsible 
for the alpha factor, thus enabling the prediction o f alpha for specific wastewaters and 
providing a valuable input into the design o f activated sludge plants in order to 
maximise their efficiency and ultimately improve the final effluent quality.
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Executive Summary
it is estimated that approximately 50% of the sewage that is given aerobic biological treatment 
in the United Kingdom undergoes treatment in activated sludge plants. The activated sludge 
process is a method of treating biodegradable wastewaters by aerating and agitating the 
liquid in admixture with activated sludge, otherwise known as mixed liquor. The activated 
sludge is subsequently separated from the treated effluent by settlement.
In the activated sludge process aeration serves two functions; it supplies dissolved oxygen to 
satisfy the respiratory demands of the microbial population and maintains the mixed liquor 
suspended solids in suspension.
The rate at which oxygen is transferred into solution by an aeration device, and the amount of 
energy used during the process will effect the efficiency and hence the cost of treatment. Due 
to the financial implications of an under-performing system it is common practice within Europe 
for the aeration capacities of new aeration equipment to be specified as the oxygen transferred to 
clean water under standard conditions. It is often impractical to use clean water for an aeration 
test, hence it is common for final effluent to be used instead. It is therefore important that the 
derived oxygenation capacity from the final effluent test is related to the specific clean water 
value in order to evaluate the system performance and to determine contractual compliance.
There often exists a difference in wastewater oxygenation capacity compared to that of 
potable water under the same conditions. This reduction is due to the presence of 
mechanisms that inhibit the oxygen transfer process. This inhibition of oxygen transfer within 
wastewater is characterised by the alpha factor. There are a number of variables, be they 
physical, chemical or biological, that are believed to contribute towards the alpha factor. The 
remit of this research project Is to undertake investigations in order to develop an 
understanding of how these complex interactions combine to cause the alpha factor, and if 
possible, to find methods of mitigating these effects.
An increased knowledge of the variables that contribute towards the alpha factor will provide 
important information to the designers and operators of wastewater treatment plants, thus 
enabling improvements in the energy efficiency and effluent quality of such plants to be 
achieved.
A series of full-scale aeration tests have been undertaken to gain an insight into the process 
and gain an understanding of the difficulties and the limitations of current methods. A 
literature review of the subject field is on going and will be reported in the 2"*^  year 
dissertation. The knowledge gained from these activities has been used to revise current 
testing practice, identify future business opportunities, develop new procedures and to 
influence the forthcoming European standard on aeration testing.
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A test rig has been designed and built to determine the relative oxygen transfer performance 
of various fine bubble diffusers. This will enable informed decisions regarding the long-term 
replacement program for existing diffusers to be taken. This work has also provided a series 
of benchmark, clean water data that will provide a reference with against which future work 
may be compared.
Experimental work into the effects of depth, air flow, and diffuser type with regard to the 
inhibition of oxygen transfer is being undertaken. It is hoped that this will lead to the 
development of a portable alpha test in the near future.
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1. Project Rationale
The European Directive on urban wastewater of May 21®‘ 1991 (Directive 91/271/EEC) requires, 
by December 2000, the connection of wastewater to a collection system for all communities 
of over 15,000 Population Equivalents (PE). This collected wastewater is required to undergo 
treatment within a wastewater treatment facility to a specified standard. The treatment processes 
are also required to provide improved effluent quality and greater reliability. These improved 
standards will be enforced by monitoring. After 2005, these conditions will apply to communities 
of over 2,000 PE.
The application of this directive to the member states of the European Union will require 
considerable investments over the next 10 years, assessed at 63 billion ECU’s for Germany, 12 
billion ECU’s for France and 7.2 billion ECU’s for England and Wales. To meet the specifications 
of the directive, hundreds of wastewater treatment plants will therefore have to be built or 
upgraded throughout Europe.
The majority of wastewater treatment facilities are biological treatment plants, in which bacterial 
cultures degrade the organic matter of the wastewater to transform it into new bacteria, (excess 
sludge is periodically extracted from the reactor), carbon dioxide and water. In order for these 
biological systems to operate effectively, oxygen has to be provided to the aerobic bacteria via 
aeration systems.
The aeration system is a key component of the aerobic biological sewage plants for two main 
reasons;
• the quality of the wastewater treatment is directly linked to a sufficient input of oxygen,
• aeration accounts for 60-80% of the energy consumed by the majority of such installations.
One of the contributory factors for the overall efficiency of aeration systems is the rate at which 
oxygen is transferred into solution by the aeration device (porous diffusers, surface aerators, 
etc.). This has a direct effect upon the amount of energy consumed during the process and the 
subsequent costs incurred.
Due to the financial implications of an under-performing system it is common practice within 
Europe for the aeration capacities of new aeration equipment to be specified as the oxygen 
transferred to clean water under standard conditions. It is usually impractical to use clean water 
for an aeration test, hence it Is common for final effluent to be used instead. It is therefore 
important that the derived oxygenation capacity from the final effluent test is related to the 
specific clean water value in order to evaluate the system performance and to determine 
contractual compliance.
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There often exists a discrepancy in the performance of aeration equipment within final effluent 
compared to that in clean water. This difference is characterised by the alpha factor. The alpha 
factor may be defined as the ratio between the performance of an aeration system, in terms of 
oxygen transfer, in a wastewater and its performance under the same conditions within clean 
water.
There are a number of factors that are believed to contribute to the alpha factor. Investigations 
are to be undertaken to develop an understanding of how these factors Interact to inhibit the 
process of oxygen transfer to wastewater.
The overall objective of the research is to develop in the laboratory and to validate in operational 
plants, methods for the measurement of the oxygenation performance of aeration systems. 
These methods should be applicable for wastewater works, in clean water on the one hand 
(commissioning of the plants prior to start-up), and in the presence of biological cultures on the 
other hand (dirty water testing).
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2. Progress to Date
The experimental program outlined in the 12 month report has been progressing. In order to 
avoid contamination of the test rig with surfactants, it has been decided to undertake all of the 
clean water data acquisition prior to commencing the detergent-added tests.
The effect of temperature upon the data gathered and in particular the inaccuracy of theta, the 
temperature correction factor, has led to the requirement for changes to the test rig. It is 
intended to fit a heater and temperature control to the rig in order to maintain the test liquid at 
20°C. This will enable temperature effects to be neglected thus removing the concerns over 
theta.
Over the last six months I have been heavily involved with the Aeration Testing Service that is 
offered by Thames Water’s external engineering consultancy; Process Dynamics. I have 
participated in the aeration tests at:
Morestead 2 ^3 0 * '' October 1997
Crawley November 1997
Coleshill 10*^20“' November 1997
Henley 3'"'- 6^ December 1997
Queenborough January 1998
As well as undertaking aeration testing, 1 have been involved with developing improved and 
alternative methods of testing and data analysis. In light of developments within the aeration 
testing field, the Thames Water method statement has been reviewed and updated, a copy of 
which is in the appendix. This work has involved the application of much of my current 
research in an industrial context.
The use of nitrogen gas for the de-oxygenatlon of the test liquid within the test column was 
has been evaluated. A copy of the report on this work is included in the appendix. The 
success of this work has led onto the development of a similar method for full-scale use. This 
work is being carried out in conjunction with BOC. The driver for this development work is 
that at present sodium sulphite solution, aided by a cobalt catalyst, is used to de-oxygenate 
water prior to aeration testing. Concern is growing over the use of the cobalt and it’s 
subsequent discharge into receiving waters owing to its toxicity. The addition of a salt, such 
as sodium suiphite, to the test liquid resuits in an increase in the total dissolved solids and 
conductivity of the liquid for each subsequent test. As this affects the water quality the 
number of tests that can be performed upon a single volume of water is limited to 
approximately 5 or 6. It is intended that the development of this new nitrogen method would 
enable these problems to be overcome.
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Work upon an LCA of fine bubble diffusers in conjunction with Fiona Dennison, a fellow 
research engineer, has commenced. It is intended to evaluate the impact of the various 
generic diffusers available over a 25 year operational life. The initial scoping has been 
completed, and the data acquisition has commenced. It is my hope, that this work will lead to 
the development of a decision making tool that will enable informed decisions over the choice 
of fine bubble diffusers to be made.
I visited the Institut W.A.R. at Darmstadt, Germany February, 1998). The purpose of
the visit was two-fold. A meeting for the development of a European clean water aerator 
testing standard was attended. This provided an opportunity to meet with the leading 
European experts in the field of aeration and to discuss the salient issues facing us within 
Europe. The trip also provided an opportunity to learn of the current areas of research at 
Darmstadt, in particular their work on the alpha factor.
To my knowledge, all EngD modules attended and their associated coursework have been 
passed.
My literature review Is on going, and will be reviewed in detail prior to the submission of the 
2"^ year dissertation. It is intended that this will lead to a literature review paper being 
submitted to a recognised, peer-reviewed journal.
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3. Future Work
For the forthcoming six months it is intended that the work package will consist of the 
following activities;
• Attendance of forthcoming EngD modules and the submission of relevant coursework.
Continuation of experimental program outlined In 12 month report.
Completion of LCA on fine bubble diffusers.
Development of full-scale nitrogen de-oxygenation technique to continue.
Completion of 2"^ * year dissertation
Completion of EngD conference paper.
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4. Events; Past & Forthcoming
4.1 EngD Modules Attended :
Clean Technology,
Risk Communication,
20-24 October 1997, Surrey. 
25-28*'  ^November 1997, Surrey.
4.2 Student I Supervisor Meetings:
14'" October 1997, UoS. 
19'" February 1998, UoS.
4.3 EngD Meetings:
student / Supervisor meeting, 15'" April 1998, UoS. 
Thames Water EngD meeting, 17'" April 1998, UoS 
Activated Sludge Workshop,
Thames Water, 22"^ April 1998, Mogden.
4.4 EngD Modules:
Environmental Law, 
Sociology 2,
Advanced Leadership,
30'" March-3 '" 'April 1998, UoS. 
1-5'" June 1998, UoS.
23"' August 1998, Wales.
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APPENDIX 1
Thames Water Aeration Testing Method Statements
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THAMES WATER CLEAN WATER AERATOR PERFORMANCE 
EVALUATION TEST PROCEDURE
METHOD STATEMENT FOR MECHANICAL AERATORS
Thames Water complies with the procedure defined by the American Society of Civil Engineers 
Standard "Measurement of Oxygen Transfer in Clean Water" ANSI/ASCE 2-91.
Determinations of the overall mass transfer coefficient (Klb), oxygenation capacity (SOTR), 
oxygen transfer efficiency (SAE) and aerator efficiency are performed using the clean water 
unsteady state method. This involves the measurement of the rate of increase in concentration of 
dissolved oxygen in water that has been deoxygenated using sodium sulphite catalysed by 
cobalt chloride. Following the necessary data editing, the re-aeration data is processed using 
regression techniques. Transfer coefficients are determined enabling oxygenation capacities 
and efficiencies to be calculated.
For standardisation purposes Kl3 is corrected to 20°C and SOTR & SAE are corrected to 20°C, 
zero dissolved oxygen and 1 atmosphere pressure. Results can be standardised to other 
conditions if specified.
Procedure.
1. The aeration tank should be filled with potable water prior to the test. The aeration system 
is to be run for at least a period of 5 days prior to testing.
2. If not potable water, the specific source and quality of the proposed test water shall be 
agreed in advance. Water with an initial conductivity of greater than 1500pS shall not be 
used for testing. All tests will be performed in the same water providing that the total 
dissolved solids concentration does not exhibit a value of greater than 2500 pS conductivity. 
If this value is exceeded then fresh water will be required from the original source, and a 
further period of pre-aeration will be required.
3. The volume of the aeration tank when filled to an agreed set point on the weir gauge shall 
be determined to an accuracy of better than + 1.5% in quiescent conditions. Measures to 
ensure the maintenance of a constant water level must be agreed prior to testing. During 
each test the aeration tank shall be maintained in hydraulic steady-state conditions.
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4. The aeration tank, or section of tank, that is to be tested shall be agreed in advance.
Should the aeration tank require baffles, then they must be substantive (90-95%
waterproof). The baffled zone must be representative of the section. Baffles are to be
provided by the contractor.
5. During each test the power consumption of the aerator will be observed and recorded, prior 
to any invertor using a calibrated power logger. A qualified electrician is to be made 
available by the contractor to install and remove power-logging equipment at the beginning 
and end of the testing period
6. Sufficient cobaltous chloride hexahydrate will be added to the tank to give a cobalt ion 
concentration of at least 0.4 mg/l. A concentrated solution will be distributed evenly 
throughout the test zone at least 30 minutes prior to the first test.
7. For each test, sufficient sodium sulphite solution will be prepared to reduce the dissolved 
oxygen concentration to <0.5 mg/l. This solution will be distributed evenly throughout the 
test zone.
8. A minimum of four dissolved oxygen probes shall be used to monitor the re-aeration of the 
test water. All probes will be a minimum of 1.0 metre away from the side walls and baffles.
9. Calibration of the probes shall be accomplished on site.
10. The dissolved oxygen concentration will be logged continuously throughout the test 
duration. The average steady state value will be taken to be the saturation value of 
dissolved oxygen.
11. The mass transfer coefficient, Ki_a, will be calculated from the data of each dissolved 
oxygen probe using regression analysis. The values in each zone will be corrected to 20°C 
in accordance with
Where: T is the mean test water temperature (°C)
0 shall be taken as 1.024 for all tests
As the test water will not be permitted to exceed a conductivity of 2500pScm'\ a Beta (p) 
correction factor will not be applied.
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12. The standard Oxygen Transfer Rate (SOTR) will be determined as follows:
/ A) =
Where: Ktaao is Kjat corrected to 20°C
C‘«>2o is oxygen saturation at 20°C (mg/l)
V is the volume of the test zone (m^)
13. The Standard Aeration Efficiency (SAE) will be calculated by dividing the SOTR by the total 
wire power drawn and expressed as kgOg/kWh.
14. All concerned parties must agree any changes to this methods statement in writing at least 
2 weeks prior to the commencement of testing.
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THAMES WATER CLEAN WATER AERATOR PERFORMANCE 
EVALUATION TEST PROCEDURE
METHOD STATEMENT FOR DIFFUSED AIR
This Thames Water method statement complies with the procedure defined by the American 
Society of Civil Engineers Standard "Measurement of Oxygen Transfer in Clean Water" 
ANSI/ASCE 2-91.
Determinations of the overall mass transfer coefficient (K|.a), standard oxygen transfer rate 
(SOTR), and standard aeration efficiency (SAE) are performed using the clean water unsteady 
state method. This involves the measurement of the rate of change in concentration of 
dissolved oxygen in water that has been deoxygenated using sodium sulphite catalysed by 
cobalt chloride. Following the necessary data editing, the re-aeration data is processed by 
regression techniques. Transfer coefficients are determined, enabling oxygenation capacities 
and efficiencies to be calculated.
For standardisation purposes Kua is corrected to 20°C and SOTR & SAE are corrected to 20°C, 
zero dissolved oxygen and 1 atmosphere pressure. Results can be standardised to other 
conditions if specified.
Procedure.
1. The aeration tank should be filled with potable water prior to the test. The aeration system
is to be run for an agreed period prior to testing.
2. If not potable water, the specific source and quality of the proposed test water shall be
agreed in advance. Water with an initial conductivity of greater than 1 SOOpS shall not be 
used for testing. All tests will be performed in the same water providing that the total 
dissolved solids concentration does not exhibit a value of greater than 2500 pS conductivity. 
If this value is exceeded then fresh water will be required from the original source, and a 
further period of pre-aeration will be required.
3. The volume of the aeration tank when filled to an agreed set point on the weir gauge shall 
be determined to an accuracy of better than + 1.5% in quiescent conditions. Measures to 
ensure the maintenance of a constant water level must be agreed prior to testing. During 
each test the aeration tank shall be maintained in hydraulic steady-state conditions.
4. The aeration tank, or section of tank, that Is to be tested shall be agreed in advance. 
Should the aeration tank require baffles, then they must be substantive (90-95%
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waterproof) to prevent significant water movement. The baffled zone must be 
representative of the section. Baffles are to be provided by the contractor.
5. During each test the power consumption of the nominated blower(s) will be observed and 
recorded, prior to any invertor using a calibrated power logger. A qualified electrician is to 
be made available by the contractor to install and remove power-logging equipment at the 
beginning and end of the testing period
6. Sufficient cobalt II chloride hexahydrate will be added to the tank to give a cobalt ion 
concentration of at least 0.4 mg/l. A concentrated solution will be distributed evenly 
throughout the test zone at least 30 minutes prior to the first test.
7. For each test, sufficient sodium sulphite solution will be prepared to reduce the dissolved 
oxygen concentration to <0.5 mg/l. This solution will be distributed evenly throughout the 
test zone.
8. The method of air flow measurement shall be calibrated and agreed in advance along with 
the air flow settings and the number of tests per setting to be performed. The flow rate, 
temperature and pressure of the air supply to the aeration tank during the duration of the 
test shall be observed and recorded.
9. For the higher rated zone(s) the air supply should be reduced to a level sufficient to 
maintain good mixing whilst undertaking the sulphite addition.
10. A minimum of four dissolved oxygen probes shall be used to monitor the re-aeration of the 
test water. All probes will be a minimum of 1.0 metre away from the side walls, baffles, 
surface and floor.
11. Calibration of the probes shall be accomplished on site.
12. The dissolved oxygen concentration will be logged continuously throughout the test 
duration. The average steady state value will be taken to be the saturation value of 
dissolved oxygen.
13. If the test liquid is not potable water a test tower will be erected on site which will require the 
use of one of the installed diffusers. The appropriate diffuser shall be supplied a minimum 
of 2 weeks prior to the commencement of testing. Determination of the mass transfer 
coefficient of this diffuser at the average air flow rate in potable water and in the test liquid 
shall be undertaken to establish the alpha factor of the test water. This derived alpha factor 
will be applied to the test liquid to provide an indication of ‘clean water’ performance.
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14. The mass transfer coefficient, KlS, will be calculated from the data of each dissolved 
oxygen probe using regression analysis. The values in each zone will be corrected to 20°C 
in accordance with
Where: T  is the mean test water temperature (°C)
0 shall be taken as 1.024 for all tests
15. As the test water will not be permitted to exceed a conductivity of 2500pScm'\ a Beta ([3) 
correction factor will not be applied.
16. The Standard Oxygen Transfer Rate (SOTR) will be determined as follows:
SOTR{kgOJh) = K,a^.C:,,.V
Where: KLa2o Is K|3t corrected to 20°C (hr'')
C*„2o is oxygen saturation at 20°C (mg/l)
V is the volume of the test zone (m^)
17. Diffused air plants may exhibit saturation concentrations of dissolved oxygen above the 
surface saturation concentration (the book value) at a particular temperature. This increase 
In saturation concentration is due to the additional pressure exerted on the rising air bubbles 
due to the hydrostatic head above the diffusers. Because this increased value is difficult to 
predict reliably, the value of the saturation concentration at the test temperature is taken to 
be that observed under the test conditions . The ratio of observed saturation value (C* ) to 
surface saturation (book) value will be maintained when calculating saturation 
concentrations at temperatures other than that under which the aeration tests were 
performed. This factor will be used to predict the saturation concentration at 20°C. The 
value is then further corrected to standard atmospheric pressure. These corrections may 
be expressed as:
C„,„=9.09 -, 31.6+r 468
1013
4  /
Where: T is the mean temperature of the test water (°C)
Pb is the mean atmospheric pressure during the test (mb).
The temperature correction factor is derived from the correlation proposed by Montgomery,
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Thom and Cockburn (1964)
18. The Standard Aeration Efficiency (SAE) will be calculated by dividing the SOTR by the total 
wire power drawn and expressed as kgOa/kWh.
19. Where airflow rate is not available as free air (Nm^/h) it will be corrected as follows:
r, T,
Where: Vi = Normalised air flow (m^/h) V2 = compressed air flow (m^/h)
Pi = 1013 mb P2 = Absolute air supply pressure (mb)
Ti = 293 K T2 = Absolute air supply temperature (K)
20. All concerned parties must agree any changes to this methods statement in writing at least 
2 weeks prior to the commencement of testing.
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APPENDIX 2
Evaluation of Nitrogen for the de-Oxygenatlon of Potable 
Water Prior to Aeration Testing
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1. Background
In order to determine that newly installed aeration plant has achieved its contractual 
obligations and performance targets, it is often necessary to undertake the non-steady state 
testing of aeration equipment.
At present this is done in accordance with the ASCE standard 2-91 Measurement of Oxygen 
Transfer in Clean Water. The standard requires that the deoxygenation of the test liquid be 
carried out by the addition of Sodium Sulphite along with a Cobalt catalyst. Although this 
method is well developed and widely used, it does have several short-comings.
The addition of a salt to the test liquid will increase the conductivity and total dissolved solids 
of the liquid for each subsequent test. This affects the test water quality, and in practice limits 
the number of test that can be performed upon any particular volume of liquid to 
approximately 5 or 6. After this the test liquid must be changed. Due to the large volumes of 
liquid involved, this can represent considerable expense in terms of resources and time.
The addition of the Colbait catalyst, essential to ensure complete deoxygenation, is also being 
called into question by several key bodies such as the Environment Agency. The Colbaltous 
Chloride used is toxic, and although diluted considerably prior to release into local water 
courses, does still represent a problem.
As the aeration testing service is one which is offered externally of Thames Water, it is 
essential that Thames Water remains abreast of current developments within the aeration 
testing field and thus is always able to submit a competitive tender.
It is with these drivers in mind that this series of investigations was undertaken.
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2. Objectives
The objectives of this study are:
• To evaluate the suitability of nitrogen gas for the de-oxygenation of potable water prior to 
aeration testing;
• To determine the economic implications of using nitrogen against conventional methods 
of de-oxygenation;
• To determine the approximate volumes of nitrogen that would be required to undertake 
the de-oxygenation of differing depths of potable water;
• To identify advantages and disadvantages of the nitrogen method over other conventional 
methods for the de-oxygenation of water.
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3. Methodology
The experimental program was performed at the Thames Water Research and Development 
pilot hall facility at Manor Farm STW, Reading. The experimental work was undertaken in the 
period December 1997.
The work was performed within a purpose built column with an internal diameter of 600mm. 
For the purpose of this program the column was fitted with a Sanitare 7" ceramic diffuser disc. 
This gave a diffuser density of 8%. The diffuser was supplied with compressed air via the 
required airflow measurement equipment.
The column was filled with potable water from the Reading area to the required quiescent 
depth. This water was then aerated for a minimum of 24 hours prior to the commencement of 
any testing.
The column was aerated at a nominal airflow rate of 301/min (observed flow) for 30 minutes 
prior to each test commencing. This was to ensure that the maximum degree of over­
saturation was achieved.
Once the water had achieved over saturation, the air supply was turned off. The nitrogen, 
which was supplied in cylinders via a gas regulator, was turned on and the regulator back­
pressure and gas flow rate adjusted to give the desired value. The nitrogen was introduced 
into the column via the same Sanitare diffuser.
The dissolved oxygen levels in the column were monitored via three Swan dissolved oxygen 
probes placed at varying liquid depths. The outputs from these probes were recorded by a 
Radcom data logger at 10 second intervals throughout the duration of the tests.
The nitrogen gas was introduced to the test liquid at a set flow rate until the dissolved oxygen 
concentration on all three probes was below 0.5mg/l.
The atmospheric conditions at the time of testing were noted in order to enable the data 
collected to be corrected to standardised conditions, lAtm and 20'*C.
There was two series of tests performed within this program. The first series was to evaluate 
the effect of different gas flow rates upon the rate of de-oxygenation. These tests were 
performed at a quiescent water depth of 4m. This depth was chosen to be that representative 
of water depths typically encountered in practice.
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The flow rates used for the evaluation were 10, 20, 30, and 50 l/min observed. These were 
then corrected for pressure and temperature to give the flow rate at standard conditions.
The second series of tests was to determine the effects of depth (and thus of increasing 
volume) upon the rate of de-oxygenation. This series of tests was performed by varying the 
quiescent water depth from 3m to 6m in steps of 1m. This depth is total depth, and does not 
take account of the height of the diffuser above the bottom of the column. Throughout these 
tests the gas flow rate was held constant at an observed flow rate of 301/min.
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4. Nitrogen (N)
Nitrogen is a colourless, odourless gas that appears at No. 7 in the periodic table. It has the 
following characteristics:
Atomic mass: 14.007
Melting point: -209.86°
Boiling point: -195.8°
Specific Gravity (-195.8°C): 0.808
Solubility(20°C) 10"^  x H : 8.04
From the above data, it can be seen that nitrogen in its gaseous form, is lighter than air, and 
is slightiy more soluble than air (air = 6.64 x 10"'^  H ) in water at 20°C.
Owing to this preferentiai solubility of nitrogen over air in water, once the air has been 
removed, the rate of natural re-aeration is very small indeed. The practical implications of this 
are that water may be de-oxygenated well in advance of any aeration test, without concern 
over natural re-aeration occurring.
H is the proportionality constant for the expression of Henry’s law, p = Hx, where x = mole 
fraction of the solute in the gas phase, expressed in atmospheres, and H = a proportionality 
constant and is in the units of atmospheres of solute pressure in the gas phase per unit 
concentration of the solute In the liquid phase.
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6. Determination of Optimal Nitrogen Flow Rate
From figure 5 the optimal gas flow rate can be determined by calculating the point of inflextion 
from the equation which represents the best line fit.
Best line fit:
y = 0.0507A:" -  1.5857.x + 608.62
Equation 1
Thus:
dx
Point of inflextion occurs when:
‘^ •’' = 0.1014x-1.5857
Thus:
= 596.2
Substituting value of x back Into equation 1
.  = ^ 1 1  = 15.64 1.5857
Thus for the specifc case considered, that of 4m quiescent liquid depth and a 7” Sanitare 
ceramic disk diffuser,, the optimal gas flow rate to achieve a dissolved oxygen level of 0.5mg/l 
is 15.64NI/min. This would require a total volume of 596.2 litres of Nitrogen.
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7. Discussion
7.1 Effect Of Flow Rate Upon Rate Of Deoxygenation
7.1.1 Total Volume of Nitrogen required
It can be seen from Figure 5 that there is a small decrease in the volume of nitrogen gas 
required to remove the dissolved oxygen to a level of 0.5mg/l from a gas flow rate of 
13.4NI/min to 26.8NI/min.
This decrease in the volume of nitrogen required is likely to be a combination of the degree of 
mixing that has been established and the proportion of the diffuser that is utilised for bubble 
production. At very low flow rates (<15l/min) only partial mixing has been established. This is 
confirmed by the individual deoxygenation profiles which exhibit a considerable degree of 
noise. Visual observation at very low flow rates confirmed that full diffuser utilisation was not 
achieved.
Observations of the deoxygenation profiles for increasing flow rate show a decrease in the 
level of noise for each increase in flow rate. This is consistent with the establishment of fully 
developed mixing patterns.
It appears that once satisfactory mixing conditions have been established, for each 
subsequent increase in gas flow rate, there is a gradual rise in the volume of nitrogen 
required to achieve the required level of deoxygenation. This decrease in the transfer 
efficiency with increases in gas flow rate is in agreement with current mass transfer theory.
7.1.2 Time to Achieve Deoxygenation
The time to achieve deoxygenation (O.Smg/l dissolved oxygen concentration) was directly 
related to the gas flow rate, the higher flow rates providing the quickest response time.
It has been shown in section 6 that there is an optimal flow rate for the diffuser to operate at. 
This flow rate provides the most efficient rate at which the gas is transferred to the liquid 
phase, and represents a combination of a developed mixing pattern, and full utilisation of the 
diffuser for bubble formation.
The reasons for this optimum gas flow rate can be related to the diffuser / gas flow rate 
relationship. As gas flow rates increase, a flow rate is achieved at which, the whole of the 
diffuser is utilised for bubble generation. It is at this point, providing the mixing intensity is 
sufficient, that the diffuser is at it’s most efficient. This is due to the rate of bubble formation.
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bubble growth and bubble release being at their optimum. At this point, the time for mass 
transfer to occur during the critical bubble growth stage is at its maximum. During this bubble 
growth stage, the surface of the bubble is constantly expanding thus renewing the gas/liquid 
interface. This optimum level of bubble growth has the advantage of constantly offering a 
new ‘clean’ interface across which the mass transfer can occur. The literature suggests that 
up to 25% of the total mass transfer may occur during this bubble growth stage.
7.2 Effect Of Depth Upon Rate Of De-oxygenation
It can be seen that an increase in liquid depth does increase the time taken to achieve 
deoxygenation. At a depth of 3m, the time taken to achieve deoxygenation was 17 minutes 
compared to 19 minutes 10 seconds at 5m depth.
The value of 18 minutes 20 seconds at 6m depth is believed to below due to the test liquid not 
being aerated sufficiently to enable the liquid to attain complete saturation.
Although the depth above the diffuser has an effect upon the rate of de-oxygenation, it is also 
likely to be a function of the increase in the liquid volume.
Although the liquid depth will effect the volume of nitrogen required to achieve deoxygenation, 
the relationship is most definitely non-linear. In fact, it can be seen that as the depth 
increases, the process becomes more efficient when evaluated upon a volume to volume 
basis (see Section 8: Cost Evaluation). A possible explanation for this is the requirement for 
a minimum depth to be present in order to allow the bubble plume formed to be fully 
dispersed. It is intended to examine this hypothesis at a later date.
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8. Cost Evaluation
The cost evaluation provided below is applicable where compressed nitrogen gas is to be 
used.
As the rate of deoxygenation is a function of the liquid depth and of the gas flow rate, the 
volume of gas required per test, and hence the cost will be test specific.
For guidance, the following table demonstrates the approximate gas/liquid ratios required to 
achieve de-oxygenation to a level of 0.5mg/l D.O and their relative costs.
Table 3 The effect of liquid depth upon gas/liquid ratio
Liquid Depth
(metres)
Gas/Liquid Ratio
(litres N2/litres H20)
Cost
(£)
3 0.852 £0.59
4 0.645 £0.45
5 0.574 £0.40
6 0.460 £0.32
Table 4 The effect of gas flow rate upon gas/liquid ratio
Gas Flow Rate
(litres/min)
Gas/Liquid Ratio
(litres N2/litres H20)
Cost
(£)
13.4 0.630 £0.44
26.8 0.581 £0.40
40.2 0.645 £0.45
70.64 0.739 £0.51
It can be seen that the most as the liquid depth increases the deoxygenation process 
becomes more efficient. This complies with the literature'.
The most economical gas flow rate appears to be around 251/min, however, this has to 
balanced against the time taken for deoxygenation to occur.
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9. Points For Consideration Prior To Fuil-Scaie 
Impiementation
When nitrogen gas is employed to deoxygenated water, be it potable or final effluent, there 
are several key points that need to be appreciated.
The use of nitrogen means that it is not possible to engineer any dead time into the test liquid. 
This means that once the air is restored to the diffusers, the reaeration process commences 
immediately leaving very little time to adjust airflow rates to the desired values. Although not 
a problem at pilot-scale, it is envisaged that this could create serious difficulties at full-scale.
The nature in which the nitrogen gas is introduced into the test liquid, namely via the installed 
diffusers, requires suitable connections to the existing air distribution system to allow for the 
introduction of the nitrogen. Consideration of this requirement would have to be made during 
the design stage of a new aeration installation, and could present considerable problems if 
the diffusers to be tested had been installed without the addition of new pipe work.
The volumes of nitrogen that would be required to undertake full-scale testing would 
undoubtedly require the gas to be supplied to site in the form of liquid nitrogen. This would 
require the personnel involved in the aeration testing to undergo familiarisation training with 
the necessary equipment and procedures.
The nitrogen must be introduced at a flow rate which is sufficient to enable a complete or full 
mixing regime to be established.
Another consideration of using liquid nitrogen is that even when passed through an 
evaporator, the gas formed is still at a low temperature. The effects that this could have upon 
the pipe work, joints, and diffusers, along with the test liquid temperature must also be 
considered.
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10. Recommendations
The following recommendations are suggested as part of the continuing programme of 
research;
• The minimum gas flow rate required to produce a fully developed mixing pattern be 
established;
• The logistics and implications of using liquid nitrogen to be investigated;
• The use of nitrogen for full-scale aeration testing undergo trials at a small Thames Water 
site to determine its applicability prior to any commercial development of the service;
• The gas/liquid ratios to be verified at full-scale.
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Executive Summary
It is estimated that approximateiy 50% of the wastewater that is given aerobic biological 
treatment in the United Kingdom receives treatment in activated sludge plants. The activated 
sludge process is a method of treating biodegradable wastewater by aerating and agitating 
the liquid in admixture with activated sludge, otherwise known as mixed liquor. The activated 
sludge is subsequently separated from the treated effluent by settlement.
In the activated sludge process aeration serves two functions; it supplies dissolved oxygen to 
satisfy the respiratory demands of the microbial population and maintains the mixed liquor 
suspended solids in suspension.
The rate at which oxygen Is transferred into solution by an aeration device, and the amount of 
energy used during the process will effect the efficiency and hence the cost of treatment. Due 
to the financial implications of an under-performing system it is common practice within Europe 
for the aeration capacities of new aeration equipment to be specified as the oxygen transferred to 
clean water under standard conditions. It is often impractical to use clean water for an aeration 
test, hence it is common for final effluent to be used instead. It is therefore important that the 
derived oxygenation capacity from the final effluent test is related to the specific clean water 
value in order to evaluate the system performance and to determine contractual compliance.
There often exists a difference in wastewater oxygenation capacity compared to that of 
potable water under the same conditions. This reduction is due to the presence of 
mechanisms that inhibit the oxygen transfer process. This inhibition of oxygen transfer within 
wastewater is characterised by the alpha factor. There are a number of variables, be they 
physical, chemical or biological, that are believed to contribute towards the alpha factor. The 
remit of this research project is to undertake investigations in order to develop an 
understanding of how these complex interactions combine to cause the alpha factor, and if 
possible, to find methods of mitigating these effects.
An increased knowledge of the variables that contribute towards the alpha factor will provide 
important information to the designers and operators of wastewater treatment plants, thus 
enabling improvements in the energy efficiency and effluent quality of such plants to be 
achieved.
A series of full-scale aeration tests have been undertaken to gain an insight into the process 
and gain an understanding of the difficulties and the limitations of current methods. A report 
of this work is presented in appendix 5. A comprehensive literature review of the subject field 
has been performed and is reported in appendix 2. From the literature it was concluded that 
the goal of proper alpha factor evaluation must be the elimination of all spurious phenomena
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in order to leave the alpha factor for a particular system, dependent only upon wastewater 
characteristics.
Following the literature review, a research objective was formulated, and a detailed 
methodology of how this is to be achieved is presented herein.
A test rig has been designed and built to determine the relative oxygen transfer performance 
of various fine bubble diffusers. This will enable informed decisions regarding the long-term 
replacement program for existing diffusers to be taken. This work has also provided a series 
of benchmark, clean water data that will provide a reference with against which future work 
may be compared.
Experimental work Into the effects of depth, air flow, and diffuser type with regard to the 
inhibition of oxygen transfer is being undertaken. Knowledge of the effects of scale upon 
these variables will enable the development of a portable alpha test that can be scaled-up to 
accurately predict alpha factors for full-scale equipment. This work will then enable the 
different parameters within the activated sludge process to be studied in order to gain an 
insight into how each variable effects the Inhibition of oxygen to wastewater.
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1. Introduction
Wastewater is the liquid portion of the waste generated by communities. It may be defined as 
“a combination of the liquid or water-carried wastes removed from residences, institutions and 
commercial and industrial establishments, together with such groundwater, surface water and 
storm water as may be present” (Metcalf & Eddy, 1991). The wastewater that is transported 
to the treatment works is therefore of a complex and fluctuating nature, varying with the time 
of day, the day of the week, and the activities of the surrounding industries.
A typical influent to the treatment plant is a highly turbid liquid, greyish in colour, which will 
putrefy quickly consuming any dissolved oxygen that may be present In the liquid medium. If 
untreated wastewater is allowed to accumulate, the decomposition of the organic materials 
can lead to the production of large quantities of malodorous gases. Untreated wastewater will 
usually contain large quantities of pathogenic or disease-causing micro-organisms and may 
also contain toxic compounds and nutrients. For these reasons the removal and treatment of 
wastewaters from their source is not only desirable but essential for the maintenance of a 
healthy society.
A combination of unit processes that utilise physical, chemical and biological factors are used 
to formulate a wastewater treatment solution. These unit processes can be classified as:
1. Preliminary and Primary -  Screening and sedimentation are used to remove floating and 
settleable solids. This leaves the wastewater more amenable to treatment and prevents 
damage to pumps and the blockage of pipework in later processes.
2. Secondary - Biological and chemical processes which remove most of the organic matter. 
They represent the main treatment processes and usually consist of activated sludge 
(AS) or trickling filters.
3. Tertiary or Advanced - This is employed to further decrease the levels of suspended 
solids, nitrogen and phosphorous in areas where stringent consent levels are imposed.
1.1 Biological Treatment of Wastewater
The biological processes used in the treatment of wastewater may be classified in a number 
of ways:
1. Suspended growth (e.g. activated sludge) or attached growth (e.g. trickling filters, 
rotating biological contactors or biological aerated filters)
The Performance of Fine Bubble Diffusers 24 - 95
24 Month Report
2. Aerobic (in the presence of air), anaerobic (in the absence of air) or a combination of 
both. Anoxic systems are also employed. These are similar to anaerobic processes 
in that they do not utilise dissolved oxygen, but their biochemical pathways are 
modified forms of aerobic pathways.
Aerobic biological treatment processes are often used for treatment of organics in 
wastewaters as well as for the oxidation of ammoniacal nitrogen (nitrification). One of the 
earliest biological processes for treating wastewater, the activated sludge process, was 
devised in Manchester towards the beginning of the century (Arden and Lockett, 1914).
1.2 Activated Sludge
It is estimated that approximately 50% of the wastewater that is given aerobic biological 
treatment In the United Kingdom receives treatment in activated sludge plants. The activated 
sludge process is a method of treating biodegradable wastewaters by aerating and agitating 
the liquid in admixture with activated sludge, otherwise known as mixed liquor. The activated 
sludge is subsequently separated from the treated effluent by settlement.
Activated sludge (AS) is a continuous culture process where the active biomass comprises 
mostly of bacteria with the remainder being higher organisms such as rotifers and protozoa. 
It may be defined as “the flocculent microbial mass of bacteria, protozoa, and other micro­
organisms with a significant proportion of inert debris, produced when sewage is continuously 
aerated” (CIWEM, 1997).
Suspended and colloidal material is removed rapidly from the wastewater by adsorption and 
agglomeration onto the microbial floes. This material and the dissolved nutrients are then 
degraded more slowly by microbial metabolism, often called stabilisation. During this 
process, part of the nutrient material is oxidised to simple substances such as carbon dioxide, 
a process known as mineralisation, and part is converted into new microbial cell material, 
called assimilation. Some of the microbial mass is also broken down in the same way, a 
process known as endogenous respiration.
To enable the processes to operate efficiently the proper biological, physical and oxygenation 
requirements have to be provided. The oxidative processes provide the energy required for 
the operation of the adsorption and assimilation processes. Oxygen must be supplied to the 
microbial floes at a rate that is sufficient to at least balance the rate of utilisation by the active 
biomass. This oxygen demand of the process represents the requirement for the aeration of 
the activated sludge process.
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In the activated sludge process, the aeration system serves two functions; it supplies 
dissolved oxygen to satisfy the respiratory demands of the microbial population and maintains 
the mixed liquor suspended solids in an agitated state of suspension. This is achieved either 
using air diffusion or mechanical aeration. This study is concerned with the performance of 
fine bubble diffused aeration.
One of the contributory factors for the overall efficiency of aeration systems is the rate at which 
oxygen is transferred into solution by the aeration device (porous diffusers, surface aerators, 
etc.). This has a direct effect upon the amount of energy consumed during the process and the 
subsequent costs incurred for treatment.
There often exists a difference in wastewater oxygenation capacity compared to that of 
potable water under the same conditions. This reduction is due to the presence of 
mechanisms that inhibit the oxygen transfer process. This inhibition of oxygen transfer within 
wastewaters is characterised by the alpha factor. There are a number of variables, be they 
physical, chemical or biological, that are believed to contribute towards the alpha factor. The 
remit of this research project Is to undertake investigations in order to develop an 
understanding of how these complex interactions combine to cause the alpha factor, and if 
possible, to find methods of mitigating these effects.
An increased knowledge of the variables that contribute towards the alpha factor will provide 
important information to the designers and operators of wastewater treatment plants, thus 
enabling improvements in the energy efficiency and effluent quality of such plants to be 
achieved.
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2. Project Rationale
The European Directive on urban wastewater of May 21®‘ 1991 (Directive 91/271/EEC) requires, 
by 31 December 2000, the connection of wastewater to a collection system for all communities 
of over 15,000 Population Equivalents (PE). This collected wastewater is required to undergo 
treatment within a wastewater treatment facility to a specified standard. The treatment 
processes are also required to provide improved effluent quality and greater reliability. 
Monitoring will enforce these improved standards. After 2005, these conditions will apply to 
communities of over 2,000 PE.
The application of this directive to the member states of the European Union will require 
considerable investments over the next 10 years, assessed at 63 billion ECU’s for Germany, 12 
billion ECU’s for France and 7.2 billion ECU’s for England and Wales. To meet the specifications 
of the directive, hundreds of wastewater treatment plants will therefore have to be built or 
upgraded throughout Europe.
The majority of wastewater treatment facilities are biological treatment plants, in which bacterial 
cultures degrade the organic matter of the wastewater to transform it into new bacteria, (excess 
sludge is periodically extracted from the reactor), carbon dioxide and water. In order for these 
biological systems to operate effectively, oxygen has to be provided to the aerobic bacteria via 
aeration systems.
The aeration system is a key component of the aerobic biological sewage plants for two main 
reasons;
• the quality of the wastewater treatment is directly linked to a sufficient input of oxygen,
• aeration accounts for 60-80% of the energy consumed by the majority of such installations.
One of the contributory factors for the overall efficiency of aeration systems is the rate at which 
oxygen is transferred into solution by the aeration device (porous diffusers, surface aerators, 
etc.). This has a direct effect upon the amount of energy consumed during the process and the 
subsequent costs incurred.
Due to the financial implications of an under-performing system it is common practice within 
Europe and the USA for the aeration capacities of new aeration equipment to be specified as the 
oxygen transferred to clean water under standard conditions. It is usually impractical to use 
clean water for an aeration test, hence it is common for final effluent to be used instead. It is 
therefore important that the derived oxygenation capacity from the final effluent test is related to 
the specific clean water value in order to evaluate the system performance and to determine 
contractual compliance.
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There often exists a discrepancy in the performance of aeration equipment within final effluent 
compared to that in clean water. This difference is characterised by the alpha factor. The alpha 
factor may be defined as the ratio between the performance of an aeration system, in terms of 
oxygen transfer, in a wastewater and its performance under the same conditions within clean 
water.
There are a number of factors that are believed to contribute to the alpha factor. Investigations 
are to be undertaken to develop an understanding of how these factors interact to inhibit the 
process of oxygen transfer to wastewater.
The overall objective of the research is to develop in the laboratory and to validate in operational 
plants, methods for the measurement of the oxygenation performance of aeration systems. 
These methods should be applicable for wastewater works, in clean water on the one hand 
(commissioning of the plants prior to start-up), and in the presence of biological cultures on the 
other hand (live wastewater systems testing).
An increased knowledge of the causes and mechanisms by which oxygen transfer to 
wastewater is inhibited may lead to process modifications that would enable improvements in 
treatment efficiency of existing assets. This in turn may reduce or even remove the 
requirement for the investment in new treatment facilities thus possibly providing considerable 
fiscal savings and preventing unnecessary environmental degradation.
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3. Literature Synopsis
A comprehensive literature review to date is contained within appendix 2. From this review it 
can be concluded that knowledge about the causes and mechanisms of the inhibition of 
oxygen transfer to wastewater is incomplete and in many areas widely disputed. There are 
however, several key considerations that may be drawn from the literature.
• Alpha factor is strongly affected by the generic type of aeration device. There is 
convincing evidence to indicate that alpha factors for fine bubble diffusers are lower than 
those encountered by surface aerators.
• The properties of a wastewater, which are of importance to the oxygen transfer capability, 
can be altered by the degree of treatment activity. The changes in the water’s contents of 
surfactants and the removal of mineral salts during the process have been identified and 
described as two important factors for consideration.
• Surfactants profoundly affect oxygen transfer in bubble aeration systems, usually in an 
adverse manner. In general, the oxygen transfer coefficient exhibits a decreasing trend 
as the number of carbon atoms in the alkyl chain increases. The effect of a surfactant on 
oxygen transfer is also a function of the character of is hydrophilic group as well as its 
hydrophobic group.
• The organic matter accumulated on the surface of the suspended solids may undergo 
direct chemical oxidation or a biologically mediated (enzymatic) reaction, which may 
consume molecular oxygen. The influence of reactive solids on oxygen transfer is not 
only dependant on the kinetics of the chemical reaction at the solids-liquid interface, but is 
also a function of the biological activity.
At present, the measurement of alpha may be characterised as an inexact science. General 
conditions for alpha testing should resemble the conditions of the full-scale process as closely 
as possible. Ideally the alpha factor should only include the effects of the water or 
wastewater constituents, however, at present many alpha factors reported may well include 
process-related phenomena, such as the effects of scale-up. Due to the magnitude of the 
changes of alpha factors reported for the same systems, there is also a requirement to 
characterise the variance of alpha due to wastewater characteristics changing with time of 
day, and day of week.
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The goal of proper alpha factor evaluation must be the elimination of all spurious phenomena 
in order to leave the alpha factor for a particular system, dependent only upon wastewater 
characteristics.
If this objective is to be achieved and a thorough understanding of the variables that effect the 
inhibition of oxygen transfer to wastewaters gained, the development of a portable alpha test 
which can be scaled-up to accurately predict alpha factors for full-scale equipment must 
therefore be of a high priority.
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4. Research Aims
The research problem can be split Into one major objective, which is then divided into smaller, 
more manageable key areas.
4.1 Research Objective
The overall research objective may be defined as:
“ T o  d e te r m in e  th e  c a u s e s  o f  th e  in h ib it io n  o f  o x y g e n  t r a n s f e r  to  w a s te w a te r s  
w ith  r e s p e c t  to  f in e  b u b b ie  d if fu s e d  a e r a t io n  s y s te m s ’ '
4.2 Research Problems
In order to achieve this objective the research has been subdivided into several key problems:
1. “What is the current state of knowledge with regard to the inhibition of oxygen transfer 
to wastewaters?”
2. "What are the implications (financial, operational, environmental etc.) of 
underperforming fine bubble diffused aeration systems ?
3. “How can we determine the inhibition of oxygen transfer to wastewaters?”
4. “Is it possible to change the degree of inhibition?”
5. “How can the complex interactions that contribute towards the inhibition of oxygen 
transfer to wastewaters be modelled?”
4.3 Present Status of Research
The present status of the research is:
• The current state of knowledge with regard to the inhibition of oxygen transfer to
wastewaters has been reviewed and is presented in the initial literature review (see
appendix 2) and is updated periodically, it is intended to publish a summary of the 
literature in the near future in a recognised refereed journal.
• In order to determine the best method of determining the inhibition of oxygen transfer to
wastewaters It was necessary to gain an insight into the current evaluation techniques. A
series of full-scale clean water aeration tests were undertaken to gain familiarity with test 
procedures, process and plant operations and equipment, and to provide experience of 
data analysis. A report of one such test is contained in appendix 5.
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• The implications of under-performing fine bubble diffused aeration systems are discussed 
in the 1998 EngD conference paper (see appendix 4). The implications are being studied 
further with an on-going life cycle analysis of fine bubble diffusers.
• An insight to current laboratory-scale clean water diffuser performance testing was gained 
by undertaking a series of clean water unsteady-state aeration tests upon a number of 
leading fine bubble diffusers. A copy of this report is contained in the EngD portfolio.
• With regard to how best to model the complex interactions that may lead to the inhibition 
of oxygen within wastewaters initial investigations have indicated that the use of the 
interactive matrix technique (Hudson. 1992) may offer a suitable mechanism. At present, 
this work is only in the initial stages, and thus will form a major part of the future work 
program.
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5. Current Work
In order to be able to measure the inhibition of oxygen transfer to wastewaters in an accurate 
and practical manner, the need to develop a portable, reproducible test has been identified. 
In order to develop such a test, the importance scale upon some of the key variables needs to 
be investigated. To this ends, the following research problem has been formulated;
“Do the physical variables o f diffuser type, depth o f submersion, and 
airflow rate have a significant effect upon a synthetic alpha factor?”
5.1 Rationale
If the effect of diffuser type, depth of submersion and airflow rate can either be neglected, or 
modelled, then it is hoped to be able to produce a bench-scale test which is capable of 
evaluating alpha factors at full-scale operational sites. Data on such alpha factors would lead 
to increased process knowledge and more informed design and operational decisions to be 
taken. This knowledge would then be used to answer the main research objective.
5.2 Current Research Objectives
The purpose of this series of experiments is to evaluate the effects of:
• type of fine bubble diffuser;
• depth of diffuser immersion;
• airflow rate to diffuser; 
upon a synthetic alpha factor
The synthetic alpha factor due to be evaluated is defined as:
a - L ^  {SyntheticW astewater ) 
^  {clean Water )
The synthetic wastewater will consist of potable water to which a specified concentration of 
laboratory grade anionic detergent (Manoxol OT) will be added.
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As well as evaluating the above variables with respect to a synthetic alpha factor, the 
experimental program will serve to highlight any variability between diffusers of the same 
brand. The effects of the above variables upon the clean water oxygenation capacity and 
performance of differing fine bubble diffusers will also be evaluated.
5.3 Hypothesis to be Tested
It is intended that the alpha test experimental program will examine the following null 
hypotheses:
Hoa The generic type (ceramic, plastic or rubber membrane) of diffuser is not significant
with respect to a synthetic alpha factor;
Hob The airflow rate is not significant with respect to a synthetic alpha factor;
Hoc The depth of diffuser immersion is not significant with respect to a synthetic alpha
factor;
Hod There is no significant difference in the performance of fine bubble diffusers of the
same make.
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6. Experimental Design for Investigations into the Effects of 
a Synthetic Alpha Factor
In any experiment, the results and conclusions depend to a large extent on the manner in 
which the data are collected. The primary reason for using any designed experiment is to use 
data that can provide answers to well thought out questions.
Experimental design is a scientific approach that allows an experimenter to make intentional 
changes to the inputs of a process or system in order to identify and observe the reasons for 
the changes that occur to the output response.
It is the objective of this experimental design to maximise the data obtained for analysis whilst 
attempting to reduce to a practical level the number of experimental observations
6.1 Stages of Experimental Design
The experimental design may be broken down into five distinct phases;
Phase 1 This requires the specification, design and building of a suitable test rig, the
development of experimental procedures, and considerations for data 
analysis and interpretation.
Phase 2 Involves undertaking a series of clean water unsteady-state tests as specified
in the statistical design.
Phase 3 Requires performing detergent-added clean water unsteady-state tests. This
will provide a synthetic alpha factor and will be performed as specified in the 
statistical design.
Phase 4 Following the analysis of the effects of a synthetic alpha factor, it is intended
to validate the findings by performing a series of steady-state tests on settled 
sewage, mixed liquor and on final effluent.
Phase 5 Any relationships established at pilot (column) scale will require validation at
full-scale.
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6.2 Phase 1 Design, Specification and Building of the Test Rig
The design of the test rig may be broken down into several component stages;
6.2.1 Diffuser Type
Three types of fine bubble diffuser have been selected for examination. These diffusers may 
be characterised by their generic type, namely ceramic, plastic and membrane. The diffusers 
selected all have the same surface area available across which bubble formation can occur. 
This was done in order to avoid different diffuser densities occurring within the test column 
and obscuring the variables being Investigated. The diffusers to be evaluated are:
1. Sanitare 7” sintered ceramic disc diffuser
2. Nopon KKI 215 EPDM rubber membrane diffuser
3. Nopon HKL 215 HOPE porous plastic diffuser
6.2.2 The Test Column
The test rig (figure 1) consists of a 6m high PVC column with an internal diameter of 0.59m. 
Valves were placed at intervals of 1m along the column length in order that various water 
depths could be easily and accurately set. The column Is supported by a frame of box- 
section steel, and is provided with a platform for easy access. Observation ports are 
provided, and an access port, 0.5m diameter is provided at the base to allow for access to the 
diffuser manifold. The diffuser manifold is secured to the bottom of the column, and is 
adjustable to ensure that diffuser positioning is constant.
6.2.3 Column Diameter
The column diameter chosen, 0.59m, was selected in order to reproduce a typically 
encountered diffuser density, or coverage, that occurs in the high rate zone of a fine bubble 
diffused aeration plant. In conjunction with the diffusers selected, the test rig has a diffuser 
density of 10%.
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Figure 1 The Aeration Test Column
6.2.4 Column Depth
Typical activated sludge aeration lanes in the UK are 3-5m in depth. In order to be able to 
reproduce this, and in consideration to the space available, the column was designed to 
provide a total water depth of 6m, which provides a maximum head above the diffuser of 5.7m
6.2.5 Airflow Rates
The test rig is capable of producing airflow rates from 0.5 -  5.0m%r. This range 
encompasses the manufacturers recommended operational airflow ranges for the majority of 
diffusers on the market today. Compressed air was supplied from a ring main at a pressure 
of approximately 0.6bar. The air flow rate was measured through a Platon gapmeter. This 
operated as a rotameter with a plug floating inside a variable area metering tube. The use of 
a combination of gapmeters permitted air flow measurements of between 5 and 90 I/m in
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under standard conditions. A nitrogen cylinder was attached to the air feed line for the de­
aeration of the test liquid. A series of experiments were conducted to determine the optimum 
level of gas flow rate for the nitrogen. This report is contained in appendix 3.
6.2.6 Dissolved Oxygen Sensors
Two WTW CellOx 325 dissolved oxygen sensors with automatic stirrers were used to provide 
a continuous reading of dissolved oxygen versus time. The sensors were positioned so that 
their membranes were facing upwards to reduce interference. The dissolved oxygen and 
water temperature values were transmitted to a data logger for later analysis. Investigations 
into the performance of dissolved oxygen probes were performed to determine their similarity 
and repeatability.
6.2.7 Test Liquid
The test liquid used for the clean water and detergent added tests was potable water as 
supplied within the Reading region. Each batch was aerated for a minimum of 24 hours prior 
to the commencement of testing.
6.3 Phase 2 Clean Water Unsteady-State Data Collection and 
Analysis
The collection of clean water performance data is currently on-going. Once complete, the 
data will be analysed and interpreted to determine the relative performance of the different 
diffusers, and the effects of depth over a typical operational air flow range upon them. This 
information will also be used in the development of the new decision-making tool proposed for 
the procurement of fine bubble diffusers In an ongoing Life Cycle study.
6.4 Phase 3, 4, and 5.
The remaining phases of the experimental program are outstanding, and the proposed 
timetable for their completion Is contained within the Gantt chart in appendix 1.
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7. Statistical Experiment Design
The following section will set out the proposal to undertake a complete randomised factorial 
design with unequal replication. It will go on to set out and discuss the methods by which the 
experimental data will be analysed in order to test the null hypotheses.
7.1 Statistical Linear Model
The analysis of the data from the experiment arranged In the above manner is similar to that 
of a balanced factorial design with unequal replication. A possible statistical model of this 
design is:
^jkl = p+di+Dj+a]^+Ci+ S fjjç i
Where:
/j. are the overall means;
di [f: = ceramic (c), plastic (p), rubber (/')] are the diffuser types,
Dj \j ~ 2, 3,4, 5, 6] are the depth of immersion effects,
ttk .5, 2,.....5] are the airflow rate effects,
Q [1 = 0,a,b,...] are the contaminant effects,
Sijk! are the error terms associated with random variation.
For the above linear model to be valid, a number of assumptions have been made. These 
assumptions are:
• that the errors are Normally distributed with a mean of zero,
• that the error variance does not depend on the treatment involved, i.e. the error variance 
is homogeneous (a^),
• that successive random errors are uncorrelated.
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8. Analysis of Variance
It is expected that the above experiment will generate an AN OVA table of the format:
8.1 ANOVA
Source of Degrees of Sum of Mean F F
Variation Freedom Squares Squares Ratio Probability
Diffuser 2
Depth 4
Airflow Rate 8
Diffuser x Depth 8
Diffuser x Airflow Rate 16
Depth X Airflow Rate 32
Diffuser x Depth x Airflow Rate___________64____________________________________________
Total 134
8.2 Treatment Comparisons
It is intended to undertake the following treatment comparisons:
1. A paired-sample test will be employed to examine the significance of differences between 
the same block (diffuser) treatments. If it is found that there is no significant difference 
between the same type of diffusers, then the results can be combined to increase the 
experimental replication.
2. The first order interactions (different fine bubble diffusers, airflow rates and depth of 
immersion) will be tested for significance.
3. The second order interactions (diffuser x depth, diffuser x airflow rate, depth x airflow 
rate) will be examined for significance.
4. The third order interactions will be assumed to be negligible, and their sum of squares will 
be used to provide the residual error.
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9. Experimental Methodology
9.1 Clean Water Unsteady-state Oxygen Transfer Tests
Clean water oxygen transfer measurements were conducted in accordance to the ASCE 
standard "Measurement of Oxygen Transfer in Clean Water” (ASCE 2-91) and the details of 
the test procedure can be found there.
Prior to the commencement of testing the column was filled to the desired depth with potable 
water from the Reading area. The water was deaerated with nitrogen gas until a dissolved 
oxygen concentration of 0.5mg/l was attained. The nitrogen flow was then terminated and the 
water was aerated at the prescribed air flow rate. This aeration procedure continued for a 
time period equivalent to 4/Kl3, or until saturation had been attained.
Prior to the test, the dissolved oxygen sensors were calibrated in accordance with the 
manufacturers instructions. Winkler tests were not performed as the water quality was 
deemed to be of sufficient quality and the absolute oxygen concentration is not critical in an 
unsteady-state estimation of Kl3 (Brown. 1978).
The clean water procedure may be summarised as:
1. Fill column to required depth with potable water.
2. Calibration of dissolved oxygen sensor.
3. Record water temperature, atmospheric pressure, temperature, humidity and diffuser 
submergence.
4. Place D.O. sensors at required submergence.
5. Deaerate water to 0.5 mg/l using nitrogen.
6. Aerate at the desired air flow rate for a period of 4/KLa, recording D.O. concentration with 
respect to time.
7. Perform data analysis using regression techniques as specified within ASCE standard in 
order to determine Kua.
The Performance of Fine Bubble Diffusers 2 4 - 1 1 2
24 Month Report
9.2 Detergent-Added (Synthetic Alpha) Unsteady-State Oxygen 
Transfer Tests
The methodology for this series of experiments is the same as for the clean water unsteady- 
state oxygen transfer tests (section 9.1) with the exception of the addition of a specified 
detergent to the test liquid.
The addition of the detergent will inhibit the transfer of oxygen to the test liquid in a way that 
mimics the inhibition of oxygen transfer within wastewaters. The purpose for using the 
detergent Is to remove the any biological variables (respiration rate, production of bio­
surfactants, etc) from the experiment to enable the investigation to isolate the purely physical 
variables of depth of submergence, diffuser type and air flow rate.
The specified detergent is Manoxol OT, and anionic surfactant, which is added to provide a 
residual concentration of 5 mg.l'\ This concentration has been found to be sufficient to raise 
the level of surfactant above the critical micelle concentration (CMC) and in general represent 
an alpha value of 0.5 (Boon , 1980).
Prior to the commencement of aeration tests the test liquid is analysed for the content of 
surfactants. The analysis is performed using the Methylene Blue Active Substances (MBAS) 
technique. A detailed methodolgy of which is contained within Standard Methods for the 
Examination of Water and Wastewater (APHA, 1985).
The detergent added test procedure may be summarised as:
1. Fill column to required depth with potable water.
2. Calibration of dissolved oxygen sensor.
3. Add the required amount of detergent.
4. Record water temperature, atmospheric pressure, temperature, humidity and diffuser 
submergence.
5. Analyse detergent concentration and adjust as required.
6. Place D.O. sensors at required submergence.
7. Deaerate water to 0.5 mg/l using nitrogen.
8. Aerate at the desired air flow rate for a period of 4/Kua, recording D.O. concentration with 
respect to time.
9. Perform data analysis using regression techniques as specified within ASCE standard in 
order to determine KlO.
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9.3 Determination of Synthetic Alpha Value
Once the clean water mass transfer coefficient, Kia^o a&m water and the detergent-added mass 
transfer coefficient,Detergent  have been determined, it is possible to calculate the synthetic 
alpha value on the basis of:
^Synthetic ~  1
'^L^20{cieanWatet)
These derived alpha values will be the data upon which the effect of the treatments applied 
will be examined.
From the clean water and detergent-added data it will also be possible to examine the 
performance of the different diffusers and compare to the manufacturers published data. It is 
hoped that this will act as a data quality check and as such will input Into the proposed 
decision-making tool for the procurement of new fine bubble diffusers.
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10. Data Analysis
10.1 Unsteady-State Clean Water Oxygen Transfer Testing
The clean water oxygen transfer testing was conducted according to the ASCE standard 
“Measurement of Oxygen Transfer in Clean Water” (ASCE 2-91).
A typical data set from the clean water tests is presented in Figure 8. This a graphical 
representation of data from a test conducted on S'*' July 1998.
10
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Figure 2 Reaeration Test Data for a Typical Fine Bubble Diffuser
The data obtained from each D.O. sensor are then analysed by a simplified mass transfer model 
to estimate the apparent volumetric mass transfer coefficient, Kia, and the steady-state DO 
saturation concentration, This simplified mass transfer model is described by Brown and 
Baillod (1982), and is given by:
Q -  C o o  -  (C o o  -  Q))exp(- K^ca)
Where:
C, DO concentration at time t, g02.m'
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determination point vaiue of steady-state DO saturation 
concentration as time approaches infinity, gOa.nn-3
-3DO concentration at time zero, g02-m
Ki,a = determination point vaiue of the apparent voiumetric
mass transfer coefficient, s‘^
Non-linear regression is used to fit the above model to the DO profiles measured during the re­
aeration of the test liquid. This provides estimates of Kia and C*«, which are then adjusted to 
standard conditions of zero dissolved oxygen concentration, 20°C and 1 atmosphere barometric 
pressure.
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11. Future Work
The Gantt chart in Appendix 1 illustrates the future work and associated time allocation for the 
remaining two years of the programme.
It can be seen that there is a significant decision point programmed for February 1999. At this 
point it is envisaged that the current investigations into the influences of depth, air flow rate 
and diffuser upon the alpha factor will be complete. It is intended that the results from this 
work will enable a decision to be taken on the feasibility of developing a portable alpha test. 
At this stage two possible directions for the research exist.
If the development of a portable alpha test is feasible, then the work will focus upon its 
design, and methodology, prior to commissioning the test procedure. If found to produce 
reliable and repeatable data, the test will be used to profile alpha values at operational sites 
with respect to degree of treatment and variations against time. It is intended that such a 
profile would be accompanied with a detailed analysis of wastewater characteristics, and 
monitoring of process configuration and operational conditions. Such data would then be 
used to identify key variables that showed a relationship to alpha and changes within it. The 
information gained from such research would then be used to input into an interactive matrix 
to summarise the cause and effect of the different process variables upon alpha.
If the development of a portable alpha test is not found to be possible, the alternative 
research direction would be based upon the development of a batch operated pilot-scale 
activated sludge plant. Such a plant would be capable of continuous monitoring of the 
steady-state of oxygen transfer using proven technology. The influent wastewater, along with 
the process configuration and operational variables could then be controlled and their effect 
upon the steady-state conditions evaluated. Once again, a detailed analysis of all variables 
would be performed in order to identify trends that influence alpha. The results from such a 
study would also be used to input into the proposed interactive matrix.
The final stage of the research project will be the validation and scoring of the interactive 
matrix in order to identify the key variables that impact upon oxygen transfer to wastewaters. 
It is hoped that the outcome of the research will provide recommendations and guidelines on 
how to improve oxygen transfer via fine bubble diffused aeration systems from a design, 
operation and maintenance perspective.
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APPENDIX 1
PROJECT PLAN GANTT CHART
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APPENDIX 2
ALPHA FACTOR-
A LITERATURE REVIEW OF THE INHIBITION OF OXYGEN 
TRANSFER TO WASTEWATER
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1. Aeration: General Theory
Oxygen transfer is the key to effective aerobic biological treatment of wastewater. The rate at 
which oxygen can be made available to micro-organisms determines the rate at which the 
wastewater can be purified. Due to the low solubility of oxygen and thus the low rate of oxygen 
transfer, sufficient oxygen to meet the requirements of aerobic wastewater treatment does not 
enter water through the normal surface air-water interfaces. To transfer the large quantities of 
oxygen that are needed, additional interfaces must be formed. This Is done by either introducing 
air into the liquid in the form of bubbles, or by exposing the liquid in the form of droplets, to the 
atmosphere.
In wastewater treatment plants, submerged fine bubble diffused aeration is most frequently used. 
Fine bubble diffusers are defined as those diffusers, which when new produce bubbles of 2-5 mm 
diameter in clean water (ERA, 1989). This study will be confined to fine bubble aeration.
1.1 Oxygen Transfer
The transfer of oxygen into the mixed liquor is a two stage process. The first step is the 
entrainment of minute bubbles in the mixed liquor, thus creating a large air-water interface. 
These bubbles are formed by the introduction of air via diffusers along the bottom of the aeration 
tank. The second step is the transfer of oxygen into the bulk liquid. The rate of transfer is 
governed by the solubility of oxygen in the wastewater, by the amount of oxygen already 
dissolved In the bulk liquid and the resistance to transfer that occurs at the gas/liquid interface 
(Lewis and Whitman, 1924).
In clean water, the rate of oxygen transfer per unit time, per unit volume is given by:
077?
Equation 1
Where;
OTR oxygen transfer rate gOa.m'^.s'
dC/dt - Rate of change of oxygen concentration gOg.s'^
Liquid phase mass transfer coefficient m.s’^
A = Total interfacial area m '
V Liquid Volume m'
C* Dissolved oxygen saturation concentration gOg.m'^
Q Bulk liquid dissolved oxygen concentration gOz.m'^
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The quotient A/V\s the interfacial area per unit volume and is referred to as the specific area and 
is denoted by a, so that:
OTR = k i a [ c *  - C l )
Equation 2
Where:
a = Interfacial area per unit volume of liquid m^.m'^
In the case of activated sludge systems, oxygen is transferred from the gaseous phase to the 
liquid phase. There are many proposed theories by which this transfer may occur, the most 
commonly acknowledged of which is the two-film theory as proposed by Lewis and Whitman in 
1924. Although over simplistic in its mechanism and long since superseded by more realistic 
theories, such as penetration theory and film-penetration theory, the two-film theory is still widely 
used where mass transfer coefficients are the common rate identifying parameter.
Two-film theory proposed the existence of a gas-liquid interface separating well-mixed gaseous 
and liquid phases. It was postulated that the interface between the two phases was overlain on 
both sides by films; a gas film on one side and a liquid film on the other. These films were 
considered to offer the major barrier to the passage of the transferring component, which had to 
be transported across them by molecular diffusion.
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Bulk Liquid
Gas Phase
Gas film Liquid film
Figure 1 Diagrammatic representation of the two-film theory of gas-liquid mass transfer
in the bulk liquid (and in the gas phase also) turbulent mixing is considered sufficient to maintain 
a uniform concentration; Pq in the gas and Cl in the liquid. Thus concentration profiles occur 
only across the two films, with the driving force, in partial pressure terms for the diffusing 
component, being (Pq - PJ across the gas film and (Cj -  Cl) in concentration terms across the 
liquid film. At the interface, the lines representing these concentration gradients (figure 1) do not 
meet. This discontinuity indicates an equilibrium condition for the diffusing component between 
the two phases as expressed by Henry’s Law:
where:
Pi
C,
H
B -  HC:
partial pressure
dissolved oxygen concentration at the interface
Henry’s Law constant relating the equilibrium concentration.
Equation 3
atm
g.m’
At a steady state, the rate of passage of the diffusing molecules is the same through both films:
N „ = K ^ a { p „ - P ' )  = K , a { c ' - C , )
where:
Na = mass flux of oxygen
Kg -  overall mass transfer coefficient based on the gas film
Kl ~ overall mass transfer coefficient based on the liquid film
P* = bulk gas phase concentration
Equation 4
g .m 'V
m.s'^
m.s
g.m
For the dissolution of oxygen in water, it is generally accepted that the resistance of the liquid film 
to passage of the molecules Is very much greater than the corresponding resistance of the gas 
film; that is, Henry’s Law constant {H) is small, indicating low solubility of oxygen in water, and
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the liquid mass transfer coefficient. K i is the controlling factor in determining mass transfer rates 
within wastewater systems.
The principal objection to the two film theory is the assumption of steady-state transfer via regular 
surface renewal. Higbie (1935) proposed the penetration theory that is based on the proposition 
that mass transfer occurs by the replacement of oxygen from the oxygen rich liquid interface to 
the bulk solution. When turbulence is increased the exposure time of the gas to the liquid is 
decreased so the rate of transfer increases. That is, it is assumed that all surface elements are 
exposed for the same time, the shorter the time of exposure, the greater the rate of mass 
transfer. Experiments have shown that although the two film theory is accurate in most cases, 
the penetration theory that Higbie proposed proves closer to reality (Winkler 1981).
Danckwerts (1951) introduced the surface renewal theory that defines the liquid film coefficient:
^  L — L ^
Equation 5
Where;
Kl -  Liquid film mass transfer coefficient m.s""'
D i = Molecular diffusion coefficient m .^s'^
?' = Surface renewal rate (average frequency that the liquid film is replaced by
liquid from the bulk solution)
The key component to the surface renewal theory is the assumption of non-steady-state mass 
transfer. It proposes that each element of surface would not be exposed for the same time, but a 
random distribution of ages would exist. Figure 2 shows, that for turbulent conditions eddies from 
the bulk liquid move to the gas /liquid interface and undergo short non-steady state molecular 
diffusion, and are then displaced from the surface by subsequent bulk liquid. While under 
laminar conditions, as shown In figure 2, a steady-state molecular diffusion occurs.
The age distribution is of an exponential form. Due to the practicalities of a real system, there will 
be a finite upper age limit to any surface element. The older age proportion will be very small. 
Thus the mass transfer rate Is proportional to the concentration difference and the square root of 
the diffusivity.
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Figure 2 Mechanism of Oxygen Transfer
The molecular diffusion coefficient, Di is dependent on the presence of chemical compounds and 
the surface tension at the gas/liquid interface. The surface renewal rate, r  is affected by the 
shear forces within the system, and the interfacial viscosity. Under laminar (low shear) conditions 
the rate of oxygen transfer has been shown to be controlled by molecular diffusion. Under 
turbulent conditions (high shear), the rate of oxygen transfer has been shown to be controlled by 
surface renewal (Mancy and Barlage, 1968).
This dependency of oxygen transfer upon the shear forces within the system is supported by 
Eckenfelder and Ford (1968) who showed that the degree of mixing plays an important role in 
determining oxygen transfer. Under laminar conditions when the stagnant film theory dominates, 
the mass transfer is unaffected because the interfacial resistance governs the transfer rate. At 
highly turbulent conditions, the mass transfer increases since any contaminants present cannot 
establish an interfacial film for mass transfer resistance, allowing high surface renewal rates. 
This is supported by Pasveer (1966) who suggested that in order to attain a high dissolution of 
oxygen, not only should there be a boundary layer at the gas/liquid interface as small as possible, 
but the rapid renewal of that boundary layer was necessary.
Toor and Marchello (1958) proposed a mechanism that combines the key elements of Whitman’s 
and Higbie’s work. Fiim-penetration theory proposes that the whole resistance to transfer lies 
within a laminar film at the interface, as in two-film theory, but the mass transfer is regarded as an 
unsteady-state process. Fresh surfaces are formed at intervals from fluid that is brought from the 
bulk phase to the interface by eddy currents. Mass transfer then takes place as in penetration 
theory, with the exception that the resistance is confined to the finite film, and material which 
traverses the film is immediately completely mixed with the bulk phase.
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The important point to derive from the various theories proposed for the mechanisms of oxygen 
transfer is that equation 1 is still applicable. As mentioned, K i is a function of the fluid turbulence 
and physio-chemical factors which influence the diffusivity of oxygen in the liquid, as well as the 
surface renewal rate or film thickness (Eckenfelder et al, 1956).
1.2 Mass Transfer Coefficient and Governing Factors
From equation 2 it can be seen that the rate of oxygen transfer (OTR) is the product of the DO 
deficit (C*-Cl), often referred to as the driving force, the mass transfer coefficient {Ki), and the 
specific interfacial area (a) across which transfer occurs.
For a diffused air system where the gas is dispersed in a liquid in the form of bubbles, the 
interfacial area of gas/liquid contact is the total surface area of the bubbles. For a specified 
volume of gas, the interfacial area increases as the number of bubbles into which it is dispersed 
increases and the average size of the bubble decreases. As the bubbie size directly affects the 
specific interfacial area V ’, which in turn is directly linked to “K i”, it can be difficult to distinguish 
between the individual effects of “K i and V  on the oxygen transfer rate. Conditions producing 
changes in interfaciai area tend to produce concomitant changes in the mass transfer coefficient, 
Kl. It is often convenient to use the product as a whole (Kia) as a single parameter and is 
referred to as the volumetric mass transfer product and has units of reciprocal time (s'"’). The 
product provides a valuable guide to oxygenation capacity that is independent of the existing 
concentration of dissolved oxygen in the system and as a parameter, it is more easily determined 
than K l or V ’ individually, particularly in operational systems.
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2. Factors Affecting the Mass Transfer Coefficient, K i
The surface available for mass transfer in bubble aeration systems is determined by the rate at 
which the gas enters the liquid, the length of time the gas remains in contact with the liquid and 
the size of the bubbles into which the gas is dispersed. As the shape and size of the entrained 
bubbles are of prime importance when determining the interfacial area available for mass transfer 
to occur across, factors that affect the bubbie behaviour are of considerable importance.
The mass transfer coefficient may be subdivided into three categories for bubble aeration 
(Bewtra and Nicholas, 1964):
1. K l at the bubbie formation;
2. K l during bubble rise;
3. Kl as the bubbie breaks on the surface of the tank
These will be discussed individually.
2.1 Kl at bubble formation
The mass transfer coefficient at bubble formation is significant with up to 20-25 percent of the 
total transfer occurring during formation (Kountz and Villforth 1954, Lamb 1962). This proportion 
of transfer is primarily due to the rapidly forming interface in which water with a low dissolved 
oxygen concentration is continually exposed to an expanding gas bubble under pressure (Ippen 
and Carver, 1954). Oxygen will rapidly saturate the liquid surface as the bubble forms. The 
magnitude of K i will depend upon the mode of bubble formation, but for a fine bubble diffuser 
where numerous small bubbles exit from individual orifices will be relatively large.
2.2 Kl during bubble rise
As the bubble is released from the diffuser and begins to rise through the liquid, the mass 
transfer coefficient will be affected by several factors including bubble velocity, diffusivity, 
viscosity, temperature, and liquid turbulence, all of which are inter-linked with each other.
2.2.1 Bubble Characterisation
The velocity and shape characteristics of air bubbles in water can be related to a modified 
Reynolds Number (Haberman and Morton, 1956). At Re less than approximately 300, the 
bubbles are spherical and act as rigid spheres. The bubble rise is rectilinear or helical. Over a 
Re range of 300 -  4000 the bubbles assume an ellipsoidal shape and rise with a rectilinear, 
rocking motion. At Re greater than 4000 the bubbles form spherical caps (Eckenfelder 1959, 
Barnhart 1969).
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2.2.2 Bubble Motion
The motion of bubbles as they pass through water was studied by Yoshida and Manasseh 
(1997). Bubbles, 4.3 +0.2mm in diameter, were seen to follow a repeatable trajectory up to a 
critical height of about 10 bubble diameters above the orifice. This trajectory appeared to have a 
slight curvature. At the critical height, axisymmetric oscillations are replaced by a complex, non- 
axisymemetric surface distortion. Immediately afterwards, the bubbles bifurcates into two spirals 
at the critical height. Succeeding bubbles alternately enter one fork, then the other fork, with 
perfect regularity. Yoshida and Manasseh (1997) postulate that the alternating nature of the 
bifurcation may be due to the wake of the preceding bubble. Once a bubble begins to move to 
one side, the liquid in its wake is accelerated in that direction. Hence, the succeeding bubble is 
rising in a flow that is accelerating sideways, and must move in the opposite direction of the 
acceleration. The critical height at which the bifurcation occurs is believed to be velocity or shape 
related.
2.2.3 Bubble Rise Velocity
The velocity of rise is important because of two opposing effects. Firstly, the more slowly a 
bubble rises, the longer the time It will be in contact with the water of a specific depth before it 
reaches the surface. Secondly, the faster a bubble rises, the greater the turbulence of the liquid 
flowing round it will be, and thus the greater the renewal rate of the gas/liquid interface.
The rising velocity of the bubbles is increased at high air flows due to the proximity of other 
bubbles and resulting disturbances of the bubble wakes (Barnhart, 1969).
2.2.4 Bubble Size
The significance of bubble size was studied by Motarjemi and Jameson (1978). They concluded 
that bubbie size has a profound effect on the efficiency of oxygen utilisation in bubbie aeration 
systems employed in wastewater treatment. The effect of bubble diameter on the bubble rise 
velocity shows a distinct difference in behaviour between small bubbles (< 2.5mm diameter) and 
bubbles of larger diameters.
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Figure 3 Terminal rising velocities of bubbles in tap water {Ub cm/s) against equivalent 
spherical bubble diameter (c/e mm),(Motarjemi and Jameson, 1978)
Figure 3 shows the bubbie rise velocity, Ub, increasing evenly with increasing bubble diameter to 
a peak value for bubbles of diameter 2-2.5mm. The rise velocity then decreases to a local 
minimum for diameters of around 5mm and then increases slightly thereafter.
The size of air bubbles released by diffused aeration devices is related to both the orifice 
diameter and the surface tension, and is inversely proportional to airflow. At low airflow rates the 
bubble volume is directly proportional to the orifice diameter and surface tension and inversely 
proportional to the liquid density. The bubble size produced will result from a balance of the 
buoyant force separating the bubble from the orifice and the shearing force necessary to break 
the surface tension across the orifice (ippen and Carver, 1955). At high air flow rates the bubble 
diameter, 4  increases as a function of the gas flow rate, Gs. Over the range of air rates normally 
encountered in aeration practice the mean diameter of bubble produced is an exponential 
function of the gas flow rate:
Equation 6
Pasveer (1955) showed the exponent n to vary from 0.10 to 0.44.
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The liquid film coefficient, ki, wili increase with increasing bubble size. This increase will 
approximately parallel the variation in terminal bubbie velocity with bubble size.
For a typical diffuser used for fine bubble aeration (a Nopon KKI 215 porous plastic diffuser) the 
typical bubble size distribution and corresponding rise velocities as reported by Popel and 
Wagner (1994) are given in table 1.
Table 1 Bubble Size Distribution for a KKI 215 Nopon Diffuser
Airflow Rate per 
Diffuser (m^.hr'^)
Mean Bubble Diameter 
(m X 10f)
Mean Vertical Rise Velocity 
(m.s'^)
1.99 2.23 0.39
3.58 2.48 0.42
4.94 2.49 0.36
From the previous values and the typical characteristics encountered within wastewaters, the 
bubble shape may be classified as “ellipsoidal” (Clift et al. 1978) and can be said to be oblate 
with a convex interface around the entire surface. The shape of the bubbles varies considerably, 
with for and aft symmetry rarely displayed. The motion of such ellipsoidal bubbles has been 
observed to undergo periodic oscillations or a random wobbling motion whilst rising through the 
bulk phase (Clift et al. 1978). In practice the bubbie volume will vary with its depth below the 
liquid surface due to the change in hydrostatic pressure, and as oxygen is transferred from the 
bubble to the liquid. The bubble volume will then affect the velocity of rise, the mass transfer 
coefficient and the excess internal pressure due to surface tension.
2.2.5 Oxygen Solubility
The solubility of oxygen in wastewater is one factor that affects the mass transfer rate. As oxygen 
is only slightly soluble in water, no large driving force can ever develop within the system. Any 
changes in solubility will therefore alter the driving force of mass transfer, (C* - Ci) and because
of this, the decrease in oxygen solubility has been reported as being the dominant factor affecting 
the final mass transfer rate (Vardar-Sukan, 1985).
Oxygen solubility is itself, affected by several variables. As the temperature increases the 
solubility of oxygen decreases and the diffusivity coefficient increases. Oxygen solubility is also 
directly proportional to the partial pressure of oxygen in the gaseous phase which for fine bubble 
diffused air systems is the concentration of oxygen within air.
Vardar-Sukan also reported that solubility, as well as the diffusion coefficient, varies with ionic 
strength and with the concentration of solutes which also changes the solution viscosity.
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The p factor (as defined in equation 7) is used to correct clean and wastewater oxygen transfer 
rates for differences in oxygen solubility due to the presence of dissolved salts.
CP  _ WasteWater
c Clean Water
Equation 7
Where:
C* = Average dissolved oxygen saturation concentration (g.m'^)
Values of p vary from 0.7 to 0.98. A value of 0.95 is commonly used for wastewater (Metcalf and 
Eddy 1991).
Quicker (1981) examined the solubility of oxygen in different fermentation media. He found that 
not only the components of the media but aiso the fermentation products would affect solubility. 
This may be of particular importance when considering the effects of biological variables and 
their contribution to the overall alpha value.
2.2.6 Effects of Bulk Liquid Concentration
In principle, the rate of oxygen transfer (OTR) can be increased by reducing the bulk liquid 
dissolved oxygen concentration, Q. due to the resultant increase in the concentration driving 
force (C*-Q). Unfortunately, there are limitations on the extent to which this effect can be 
utilised. The growth of aerobic micro-organisms is seriously impaired at very low levels of
dissolved oxygen, so that the gain in oxygen transfer rate is nullified by the loss in microbial
activity. The level at which growth is impaired depends upon the individual type of micro­
organisms and the temperature. For heterotrophic bacteria, the critical level is in the range 0.1 to
0.7mgl'^ but for the more sensitive autotrophic nitrifying bacteria a decrease in their activity is 
detected when the concentration falls below about 1.5mgM (CIWEM, 1997). In addition, at very 
low dissolved oxygen levels, anoxic utilisation of nitrate occurs.
For maintenance of completely aerobic conditions, the working level of dissolved oxygen 
concentration should be around 2mgl'^ (CIWEM, 1997).
2.2.7 Viscosity
The majority of research into the effects of viscosity on the oxygen transfer characteristics of 
fluids has been carried out in the field of fermentation. It has been found that there is a rapid
decrease in the oxygen transfer rate (OTR) with increasing viscosity in the fermentation of
Pénicillium (Diendoerfer and Gaden, 1955). This decrease in the OTR was consistent with the 
concept of a liquid-film controlled mass transfer operation in which the level of liquid turbulence 
determines the film thickness. As the level of turbulence is a function of the viscosity for a given
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power input, it may be concluded that the liquid film thickness is ultimately affected by the bulk 
phase viscosity.
Although it is not expected for activated sludge systems to develop viscosities as high as 
encountered in the fermentation of Penciliium, the two systems do have similar suspended solids 
concentrations, and thus may be expected to demonstrate similar effects upon cellular oxygen 
uptake rate {OUR). The production of extra-cellular polymers are also reported to contribute to 
changes in the bulk phase viscosity (Burde and Steinmetz, 1993)
The Importance of viscosity in oxygen transfer is discussed by Eckenfelder and O’Connor (1964) 
who stated that a high mass of suspended solids reduced the oxygen transfer rate {OTR) by 
increasing viscosity. Theoretically, the addition of suspended solids to the aqueous phase will 
increase the liquid viscosity, and as a result, the oxygen diffusivity coefficient will decrease.
2.2.8 Temperature
Changes in temperature will affect the rate of oxygen transfer and the utilisation of oxygen both 
physically and bio-chemicaily. As discussed previously, the solubility of oxygen decreases with 
increasing temperature. Landine (1971) reviewed a number of correlation’s that have been 
determined from experimental data to describe the solubility of oxygen in water and found that 
the correlation proposed by Montgomery et al (1964) was found to give the best agreement:
Equation 8
For pure water at T^C in equilibrium with air saturated with water vapour at 1atm, with T in the 
range 0 - 50°C.
As the temperature increases, the oxygen transfer rate {OTR) should increase. This is due to the 
combined effects of the mass transfer product (A^«) increasing due to the decrease in viscosity,
whilst at the same time, diffusivity increases. However, the OTR will not change to the same 
degree as the changes in aforementioned physical variables (viscosity and diffusivity) might 
indicate. The rate of oxygenation is a product of K^a (C*-C), and thus as the temperature rises
the equilibrium-dissolved oxygen concentration (C*) falls. Therefore, the product of the two 
terms, Kj^a and (C*-C), will increase less than K^a alone.
The effect of temperature on the cellular oxygen uptake rate {OUR) is similar to its effect on any 
other chemical or biochemical reaction. In general, biochemical reaction rates approximately
double for every 10°C rise in temperature. This doubling of the reaction rate for a 10°C 
temperature rise is contrasted to changes in the mass transport rate that may only show only a
20% increase for a 10°C temperature rise. ____________________________________ ______
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2.2.9 Suspended Solids
The effects of suspended solids on the bulk hydrodynamics of the aqueous phase are dependent 
upon:
1. the viscosity of the fiuid medium;
2. the concentration of the suspended matter;
3. the size and shape of the suspended matter;
4. the forces of interaction between the particles, i.e. the state of stability or flocculation of 
the suspension.
The effect of suspended solids upon the oxygen transfer characteristics of a wastewater is largely 
dependent upon the nature of solids themselves. Casey and Karmo (1974) found that non- 
fiocculent solids have a negligabie influence on the rate of oxygen transfer. They concluded that 
as these would have a direct effect upon the density and viscosity of the liquid, it may be said 
that these are not of major importance in the oxygen transfer context.
This dismissal of the importance of viscosity in oxygen transfer is countered by Eckenfelder and 
O’Connor (1964) who stated that a high mass of suspended solids reduced the oxygen transfer 
rate by increasing viscosity. Theoretically, the addition of suspended solids to the aqueous 
phase will increase the liquid viscosity, and as a result, the oxygen diffusivity coefficient will 
decrease. The presence of suspended solids will also tend to dissipate the kinetic energy of the 
liquid eddies. This reduction in effective turbulence will result in a lower frequency of surface 
renewal and lower values of liquid velocity. This will in turn result in a thicker boundary layer and 
corresponding larger values of diffusion time.
The argument put forward by Eckenfelder and O’Connor (1964) is supported by Sundararanjan 
and Lu-Kwang (1995) who have reported that non-respiring solids retard oxygen transfer due to 
the lower oxygen permeability in the solids layer accumulated near the bubble surfaces.
The effects of the thicker boundary layer and thus the effects on the rate of oxygen transfer, may 
be reduced by the introduction of agitation, which tends to decrease the thickness of the 
boundary layer.
2.3 Kl at Surface Rupture
The final phase in oxygen transfer occurs during the rupture of the bubble at the liquid surface. 
For typical depths encountered in aeration lanes, the amount of transfer at the surface is found to 
be low (Eckenfelder 1959, Mckeown and Okun 1960).
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3. Factors Affecting Oxygen Transfer
The overall oxygen mass transfer rate as shown in equation 1 cannot be used to predict the 
oxygen transfer under process conditions. The effects of the constituents within the wastewater 
will often inhibit oxygen transfer giving a lower mass transfer product (A^a). This inhibition is 
characterised by the alpha («^factor. This factor is defined as:
^  ^ L ^ W a s te w a te r
^  L^C lea iiw ater
Equation 9
The a  factor is reported to vary according to a number of parameters, including degree of 
treatment, wastewater constituents, turbulence and method of aeration.
3.1 Modes of Inhibition of Oxygen Transfer
3.1.1 Surfactants
A surface active material or surfactant is a chemical compound that when dissolved in water or 
another solvent, absorbs onto the interface or surface between the liquid and a solid, a liquid, or 
a gaseous surface and modifies the properties of the interface or surface. The modification is an 
alteration of the surface or interfacial free energies of the surface or interface (Meijboom and 
Vogtlander, 1974).
Surfactants have been reported to increase, decrease or have no effect upon oxygen transfer 
rates. In some instances, the presence of surfactants may reduce the oxygen transfer rate by as 
much as 80%. In other cases, it has been reported that the oxygen transfer rate is enhanced by 
the presence of surfactants. It may be said that their effects are dependent upon a complex 
interaction of many variables.
The effects of surfactants on aeration systems were first reported by Ribbius and Kessener 
(1934) and have subsequently been studied by numerous investigators. Baars (1955) reported 
that commonly used anionic surfactants reduced the alpha factor of a fine bubble diffuser from
0.9 to 0.4 at concentrations of 4 to 10 mg/l respectively. Baars also observed that the alpha 
factor for a surface aerator increased with surfactant addition, ranging from 1.0 at low surfactant 
concentrations to 2.0 at high concentrations.
Many other investigators have reported the effects of various surfactants upon aeration systems, 
but it is not practical or desirable to discuss their individual findings as a more thorough review is 
provided by Stenstrom and Hwang (1979). It is, however, useful to observe the trends. In
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genera!, fine bubble diffusers appear to have the lowest alpha factors, while surface aerators 
appear to have higher alpha values, and in some cases, greater than unity.
Barnhart (1969) discusses the importance of bubble diameter to oxygen transfer. He reports that 
the addition of surfactants reduces the bubble diameter until the critical micelle concentration is 
reached. Beyond the critical micelle concentration very little reduction in diameter occurs.
Barnhart (1969) went on to propose mechanisms by which oxygen transfer is affected in the 
presence of surfactants. These mechanisms of transfer reduction or enhancement can be 
summarised as:
1. Reduction of the liquid film coefficient {Ki) by the adsorbed surfactant;
2. Increased surface area normal to transfer due to decreased bubble size, fluid droplet size, 
and lower bubble terminal rise velocity;
3. Reduced surface renewal due to decreased bubble terminal rise velocity.
These proposed mechanisms could provide an explanation for the observed trends in alpha 
factors. The fine bubbie diffuser provides a maximum surface area normal to transfer; thus it is 
unlikely that an increase in surfactant concentration can significantly increase surface area. 
Thus, for a fine bubble diffuser, the net effect of surfactants will be a reduction in the oxygen 
transfer rate due to the reduced liquid fiim coefficient, (ki). Coarse bubble diffusers and 
mechanical aerators may well profit from increased surface area, since the bubble sizes 
produced by such devices are in general, quite large.
A second possible mechanism that may explain the trend in observed alpha factors is the rate of 
surfactant adsorption at the bubble surface. Danckwertz (1951) said that the transfer coefficient 
is greatest at the instant of bubble formation and decreases as the bubble surface ages. Since 
adsorption of surfactants at the bubble surface requires time, significant amounts of oxygen 
transfer may occur before the surfactants can adsorb to the bubble surface. This mechanism 
predicts that aeration devices that have a high rate of surface renewal, should not be as 
adversely affected by surfactants as those devices which employ low surface renewal rates.
Houck and Boon (1981) reported that the presence of significant industrial waste fractions in 
municipal wastewater may reduce the alpha factor. They found that alpha was especially 
affected in the first segment of long, plug flow aeration lanes (to values as low as 0.3-0.4) where 
detergents and other surfactants haven’t had sufficient contact time to be biodegraded. As these 
surfactants are oxidised in passing through the aeration process, the alpha value increased to 
values of 0.8 or higher at the exit from the aeration lane.
The total of all mechanisms on alpha (reduction of film transfer coefficient, increase in surface 
area and retention time, reduction in surface renewal) have been estimated by Barnhart (1969) 
for fine bubble diffusers and confirm the field observations of Ribbius and Kessener (1935) who 
first reported low alpha factors.
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In addition to the synthetic surfactants, fatty acids, fatty alcohols, fatty acid amides and fatty 
amines may aiso be classed as surface active agents. Therefore, natural surface active agents 
are plentiful in wastewater. The biogradability of the surfactant is important from the treatment 
point of view. Naturally occurring compounds should readily degrade and a recovery in alpha is 
noticed as the wastewater is purified. Boon (1980) presented evidence of this recovery in alpha 
with degree of purification (Figure 4). Alpha may also decrease if surfactants are generated as 
the intermediates of metabolism.
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Figure 4 Variation of Alpha With Treatment (Boon, 1980)
Many bacteria, including those encountered within activated sludge, can produce surface active 
substances, which are released to the surrounding medium. Surfactants produced by micro­
organisms are usually lipids (Cooper and Zajic, 1980). Their surfactant properties result from a 
combination of polar and apolar moieties in a single molecule. The apoiar or hydrophobic portion 
is usually a hydrocarbon. The most common example is the hydrocarbon chain of a fatty acid.
Cooper and Zajic (1980) reported that the type and composition of the surfactants produced by 
the bacteria depended heavily on the nature of the substrates introduced. Certain constituents 
may also increase the production of extracellular polymeric substances. They also stated that 
changes in pH could also affect the production of surfactants. Many surfactants, particularly 
glycols are biologically hard (McKinney, 1957). If these compounds are present to any great 
degree, a recovery in alpha may not be observed,
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The type of surfactant is important in regard to the manner in which it affects the interface. 
Mancy and Okun (1960) list the following characteristics of surfactants that will determine the 
physio-chemical character of the interface:
1. Type of surfactant;
2. Number of carbon atoms;
3. Molecular configuration;
4. Mode of adsorbtion and orientation;
5. Compressibility and spreading of the film;
6. Hydrogen bonding in the adsorbed film between molecules or with water.
Mancy and Okun also discuss the consequences of surface saturation of surfactants. This 
saturation is very meaningful in the transformation of the hydrodynamic character of the air-liquid 
interface. The degree of surface saturation depends on:
1. Rate of diffusion of the surfactant to the bubbie surface;
2. Rate of adsorption at the interface;
3. Degree of agitation which brings material to the interface;
4. Presence of impurities.
Mancy and Okun (1960) found that the adsorption at the interface is a function of the molecular 
structure of the surfactant with the rate of adsorption at the interface and the diffusion to the
interface both being a function of time. This is fundamental in the understanding of the effects of
surfactants on the reduction of K^a. Mancy and Barlage (1968) speak of the phenomenon of 
surface ageing. If the time required for diffusion and adsorption is greater than the bubble 
contact time, little or no effect will be observed upon Ki,a. As bubble contact time increases, the 
overall mass transfer product may be reduced by a substantial degree depending on the 
characteristics of the surfactant present. Lister and Boon (1973) presented data gathered from 
full-scale operational sites that indicated that alpha may decrease with depth for fine bubble 
systems. The size of this reduction being dependant upon the type of aeration system as well as 
the characteristics of the surfactant.
To summarise the effects of surfactants upon the alpha factor, several observations can be 
made. First, surfactants have generally been found to reduce K^a in diffused air systems through 
large reductions in the liquid phase mass transfer coefficent, Kl. Secondly, the molecular nature 
of the surfactant will determine the degree to which Kia is reduced, and finally the time for 
adsorption will be very significant when considering the reduction of Kia, especially with regard to 
contact time.
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3.2 Surfactants in the Presence of Salts
Lynch and Sawyer (1954) found that the presence of salts in water influences the effects of most 
surfactants on oxygen transfer significantly. Salts causing hardness in water generaliy caused 
adverse effects in addition to those occurring when water contained no salts or only sodium salts.
3.3 The Effect of Foam on Oxygen Transfer
A consequence of surface tension reduction with surfactants, especially in aerated wastewater 
treatment systems is the production of foam. Little research has been conducted on foaming 
effects or the effects of anti-foaming agents on oxygen transfer. Lynch and Sawyer (1954) found 
no correlation between the type of surfactant (anionic or nonionic) and foam production. They 
noted that frothing is temperature dependent with warmer temperatures promoting more foam 
production.
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4. Operational Factors That Influence Oxygen Transfer
In this section the operational and design factors that influence oxygen transfer performance of 
fine bubble diffused air systems are considered.
4.1 Diffuser Fouling
4.1.1 Air Side Fouling
Problems associated with air-side diffuser fouling are considered to be rare; when they are 
encountered, they can generally be attributed to poor air preparation. Causes of air-side fouling 
include:
• dust and dirt from unfiltered or inadequately filtered air,
• oil from compressors or viscous air filters,
• rust and scale from air pipe corrosion,
• oxidation and subsequent flaking of bituminous air main coatings,
• construction debris,
® wastewater solids entering through diffusers or piping leaks.
Many of the causes of air-side fouling can be avoided by the proper selection and maintenance of 
air filtration equipment, post-construction cleaning of the process air handling equipment and 
minimising power interruptions.
4.1.2 Air Filtration
A properly filtered air supply is an important consideration for minimising air-side fouling of 
diffusers. Cleaning efficiency is the prime consideration for the primary filter design. The dust 
content of the air should be reduced, ideally to less than 3.5mg/1000m^. The most commonly 
used type of air filtration in the UK is a dry barrier filter. These utilise a very fine material such as 
paper, cloth or felt to entrap particles. They are generally fitted in-line and are replaceable. 
These systems are generally provided with a coarse fibreglass prefilter, followed by fine final 
filters. As the filter becomes fouled the differential air pressure across the filter increases and at 
an appropriate level the filter is taken out of service and the material is replaced. The period of 
between cleaning/replacement is dependent upon the quality of the atmosphere, but is usually 
not more frequent than annually. The integrity of the filter is paramount to its performance. 
There have been several incidents where the filters have become breached leading to the 
fibreglass material fouling air mains and diffusers. Thus, the utmost care must be taken when 
installing filters to ensure that they are undamaged.
The consequences of under taking work in the vicinity of the blower intakes must be given careful 
consideration prior to commencement. Activities that are likely to generate dust or fine 
particulate matter (i.e. grinding) should be discouraged.
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4.1.3 Liquid-Side Fouling
The formation of biological slimes on the external surface of diffusers represents one of the major 
operational problems. Liquid-side fouling, or as it is better known, biofouling, is in general, site 
and wastewater specific and is often difficult to forecast. Several potential causes of biofouling 
have been identified. These include;
• high organic loading
• low DO concentration
• wastewater characteristics
• high wastewater temperature 
« low air flow rate per diffuser
® uneven air distribution in diffuser
• low permeability of diffuser
• presence of inorganic particulates
• nutrient imbalance
• chemical additives
Houck and Boon (1981) speculated that bioslime formations primarily result from high organic 
loading or low DO and that the growth is exacerbated by extreme plug-flow conditions.
Low airflow rates per diffuser also seem to have a detrimental effect when other fouling 
conditions are present. In order to reduce this, the majority of diffuser manufacturers recommend 
maintaining a minimum airflow rate of 0.25 to 0.351/s per diffuser and minimising interruptions to 
the air supply.
4.1.4 Effects of Diffuser Fouling
Diffuser fouling is generally detrimental in wastewater treatment. It may result in increased 
headloss across the diffuser and reduced oxygen transfer efficiency, both of which result in 
increased power consumption to maintain a given level of treatment.
4.2 Power Supply
The reliability of the blower power supply is an often-underestimated consideration. Interruptions 
in service allow mixed liquor to enter the air header system through the diffusers and through any 
leaks in the system. The diffusers will filter out some suspended solids, but some will enter the 
system piping. When the air supply is resumed, a properly designed purge system should be 
used to clear the system so that suspended solids will not be trapped and retained on the inner 
surfaces of the diffusers. Suspended solids filtered out by the diffusers during a power 
interruption may be retained within the media on resumption of air delivery. These retained 
solids will result in higher headlosses across the diffusers and may lead to a decrease in oxygen 
transfer efficiency. Consequently, extra care should be taken to provide a reliable power supply 
with appropriate back-up to minimise the occurrence and duration of power Interruptions.
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The current trend towards local agreements with electricity suppliers that result in power being 
shed at times of high demand should be examined. The long-term consequences of consistent 
power interruptions, often in excess of 15 minutes in duration, to the installed diffusers are only 
recently becoming apparent. A leading UK water utility has recently amended a local power 
agreement to ensure a more reliable supply after it was found that their diffusers had become 
heavily fouled by constant power interruptions.
4.3 Air Flow Rate
As the air flow rate per diffuser increases there is a significant increase in the overall oxygen 
transfer product {Kia) and the oxygen transfer rate (077?) (Ashley et al, 1991). The principal
mechanisms responsible for this are Increased turbulence (Schmit et al 1978) and increased 
interfacial area (Manvinic and Bewtra, 1974). Ashley et al (1991) found that increasing the air 
flow rate had no effect upon the energy efficiency, however, it is usual to observe a decrease in 
the oxygen transfer efficiency (OTE) with increasing air flow rate for fine bubble diffusers (Mercer, 
1997). This is demonstrated in figure 5.
As the air flow rate per diffuser increases, the standard oxygen transfer etficiency (SOTE) 
decreases. This is due to the gas transfer mechanism during bubble formation and the degree of 
air-bubble entrapment. A high rate of gas transfer occurs at the bubble formation stage due to 
the continual expansion of the fresh gas-iiquid interface (Mancy and Okun, 1960). As air flow 
rate increases the time for individual bubble formation and subsequent oxygen absorption 
decreases. An increase in the air flow rate per diffuser also results in a reduction in the time 
interval between bubbles. Garner and Hammerton (1954) found that when bubbles are separated 
by less than 3 seconds the rise velocity is appreciably higher than for single bubbles. The 
difference was found to be as much as threefold at frequencies above 1 per second. This leads 
to an increase in bubble rise velocity and reduction in contact time. Larger bubbles are also 
produced thus increasing the likelihood of coalescence, increasing the rise velocity, reducing 
further the contact time and also reducing the interfacial area.
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Figure 5 Plot of Standard Transfer Efficiency vs Normalised Airflow (Mercer, 1997)
Increased air flow rates also create a greater concentration of bubbles with relatively restricted 
lateral diffusion; thus oxygen transfer does not increase in proportion to airflow. This is termed 
the "chimney effect” (Ippen and Carver, 1954).
4.4 Diffuser Density and Placement
It is well documented within the literature (Ippen and Carver. 1954; Huibregste et al, 1983) that 
increasing the number of diffusers (dividing the airflow between more diffusers) results in an 
increase /c^ a. Bewtra and Nicholas (1964) concluded that this response was a combined effect 
of:
• an increase in oxygen absorption during bubble formation,
• a change in bubble rise velocity with air flow, Q„\
• a change in bubble diameter and ki with Q„
• a decrease in air-bubble entrapment as a result of decreased airflow per diffuser.
Fujie et al (1997) studied the effect of diffuser placement upon the hydrodynamics and oxygen 
transfer characteristics within activated sludge aeration tanks. They concluded that a total floor 
coverage arrangement of diffusers on the bottom of the tank gave the best oxygen transfer and 
mixing characteristics. They observed that the average liquid ascending velocity in the bubbling 
zone was reduced to a minimum since there was no stable spiral liquid circulation existing in the 
tank. This reduction in liquid ascending velocity extended the gas-liquid contact time, increasing 
the gas hold-up per unit volume, which in turn enhanced the oxygen transfer.
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4.5 Horizontal Velocity Across Diffuser
The effect of a horizontal fluid velocity across the face of the diffuser was studied by Deronzier et 
al. 1996. They reported an improvement in oxygen transfer due to a horizontal velocity of 0.45 
m/s of approximately 43% in clean water and of 21 % under process conditions. Deronzier (1997) 
has proposed two mechanisms to explain this improvement in oxygen transfer:
1) the specific interfacial area is enhanced by productiori of smaller bubbles, due to a 
shearing effect of the horizontal velocity upon the nascent bubble;
2) horizontal velocity reduces the negative effect of spiral flows, thus decreasing the upward 
velocity of the bubbles.
Both mechanisms lead to an increase in the gas hold-up per unit volume and an increase in 
contact time (figure 6).
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Figure 6 Influence of the horizontal velocity on the alpha factor (Giiiot et ai, 1998)
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5. Biochemical I Biological Variables That May Influence Alpha
Organisms within activated sludge may undergo a change in their biochemical activity, which in 
turn will exert an effect upon the oxygen transfer from a variety of aspects. The aerobic 
metabolic activity of bacteria is not only used to decompose wastewater constituents, providing a 
subsequent change in concentrations of available susbstrates, but also produce a range of high- 
molecular weight compounds which are released to the surrounding wastewater in the form of 
extra-cellular enzymes.
Bacterial mucilages in particular have been found to effect the viscosity of the medium. Norberg 
and Enfors (1982) report a relationship between decreasing substrate concentration and 
increasing viscosity, as well as increased content of extra-cellular polysaccharides. In batch 
tests, it was found that viscosity reached a maximum as the bacteria passed from the stationary 
growth phase into the decay phase. A majority of the substrates known to cause a rise in the 
viscosity are composed of extra-cellular polymers, which are known to have a strong inhibitory 
effect on mass transfer, and thus will influence the rate of oxygen transfer.
5.1 Extra-Cellular Polymeric Substances (Eps)
Li and Ganczarczyk (1990) reported that their observations on the interior of activated sludge 
floes revealed the presence of large amounts of extra-cellular polymers. These biopolymers 
were seen within the floes to form a matrix to connect most of the micro-organisms together and 
to maintain the integrity of the floes.
Extra-cellular polymers have different densities, rheological properties, and a different physical 
state from those of microbial cells in the floes. They represent the third major component of the 
floe after micro-organisms and water, and thus make a considerable contribution to the density 
and porosity of the floe (Li and Ganczarczyk, 1990).
Extra-cellular polymers influence the oxygen transfer process in that the substrates and products 
transfer to, and from, the microbial cells in the floes. The substrates have to overcome not only 
the diffusional resistance of water, but also that of the extra-cellular polymers in the floes before 
they reach the majority of the cells, especially those encapsulated in the microcolonies that are 
completely surrounded by the polymers. This additional resistance will increase the path length 
along which oxygen must diffuse, and thus will inhibit oxygen transfer from the bulk liquid to the 
respiring cells.
5.2 Biological Cells as Suspended Solids
Biological cells may act as solid particles and thus can change the hydrodynamics around the 
gas-liquid interface. Andrews et al. (1984) observed higher bubble mass transfer rates when
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particulates were present. Cellular activity was not shown to be responsible, the phenomenon 
being attributed to the influence of solid particles on the hydrodynamic flow around the attached 
bubble.
Andrews et ai. (1984) proposed a theory to describe the effects of cells on oxygen transfer from 
rising bubbles. This stated that the hydrodynamic drag on the cells attached to a bubble would 
move the interface that would have, normally, been immobilised by the adsorption to the interface 
of any surfactants present. It has been shown that the cell interception efficiency of bubbles is 
higher with a mobile interface. This enhancement of interceptions or collisions leads to more 
cells attaching to the interface and even greater interception efficiency. This phenomenon, 
termed the ‘snowball effect’, may ultimately result in higher values of Ki,, thereby enhancing 
oxygen transfer. Sundararanjan and Lu-Kwang (1995) have reported this effect to be significant 
within specific ranges of solids and surfactant concentrations (see section 6).
Against the existence of the snowball effect, Bungay and Masak (1981) have argued that cells 
accumulated at the interface can retard oxygen transfer by a blockage mechanism resulting in 
the slower oxygen permeation in the cell layer.
5.3 Effects of Other Biological Parameters on Oxygen Transfer
Burde and Steinmetz (1993) conducted a review of previous studies regarding the biological 
parameters that may effect oxygen transfer. One mechanism that they found might effect oxygen 
uptake is the adsorption properties of the activated sludge. Both dissolved and particulate 
constituents of raw wastewater have been reported to be rapidly removed when contacted with 
activated sludge. Hence, in addition to the effect of decomposition processes in treatment 
performance, adsorption processes may also be of particular importance.
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6. Biological Enhancement of Oxygen Transfer Via Cell 
Respiration
Two theories have been proposed to account for the respiration of interfacially adsorbed cells. It 
has been postulated that oxygen may be transferred directly from the gas bubble to respiring 
micro-organisms accumulated at the gas-liquid interface. The mass transfer resistances 
associated with the liquid film surrounding the gas bubble and cells are thus eliminated.
Tsao (1968) proposed that the oxygen consumption by the cells accumulated in the liquid film 
adjacent to the gas-liquid interface results in steeper oxygen concentration gradients in the 
vicinity of the interface. This theory was also used Mines and Sherrard (1987) to explain their 
results of enhanced oxygen transfer in a wastewater treatment process.
Sundararanjan and Lu-Kwang (1995) stated that cell respiration can effect oxygen transfer to 
differing extents depending upon two independent factors; the specific oxygen uptake rate 
{OURsp) and the interfacial solids accumulation. OUR^ p describes the respiration rate per unit 
mass of solids. It varies with the microbial populations established within the plant’s solids, their 
metabolic states, and the process conditions, including temperature and nutrient availability. 
Sundararanjan and Lu-Kwang (1995) also reported that for the same degree of interfacial solids 
accumulation, a higher OUR^ p is expected to intensify the enhancement effects of cell respiration, 
regardless of whether the mechanism is due to direct oxygen transfer from gas bubbles to the 
cells, or due to the generation of a steeper oxygen concentration near the gas-liquid interface.
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7. The Cost of Aeration
7.1 Energy Use by Thames Water Utilities Ltd
The total electrical energy used by TWUL at the 54 sites using the activated sludge process is 
approximately 1.650 x 10® MJ/year. The process is energy intensive with over 70% of all power
9used on an ASP site being consumed by the aeration process, equating to 1.155 X 10 MJ/year. 
This figure Includes all electricity, whether generated on site from sludge gas or bought in from 
the regional electricity supplier.
At a notional £0.04/ kWh, the cost to Thames Water is £12m/year. Thus every 1% shift in 
efficiency is worth in excess of £0.1 m/year and therefore any degradation in the performance of 
diffusers will have a significant effect upon the total cost of treatment.
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8. Measurement of the Alpha Factor
The mass transfer product (Klo) for many aeration devices is often evaluated In clean water. 
However, this transfer coefficient may differ considerably in field conditions due to various 
dissolved and suspended contaminants. The ratio of the overall wastewater mass transfer 
product to the clean water mass transfer product is designated the alpha factor. The correct 
determination of the alpha factor for a particular wastewater and process configuration is 
essential to the proper design of aeration systems in order for the correct oxygenation demands 
of the process to be met by the installed equipment.
In order to translate the clean water Kia to process conditions, the engineer must be able to 
assign an appropriate alpha factor to the wastewater for a particular aeration device. Many 
investigators (Ippen and Carver 1954, Katz 1964, Landberg 1969, Ribbius and Kessener 1935) 
have attempted to determine Kia under operational field conditions. Full-scale testing of this type 
is complicated by many process variables including; the flowrate, suspended solids 
concentrations, oxygen uptake rate, levels and types of contaminants. Due to these many 
complications and the difficulty in applying steady or unsteady-state techniques to field 
conditions, bench-scale measurements of alpha are often made. Several possible alpha tests 
have been described by various authors (Bass and Shell 1977, Gilbert 1978, Otoski and Brown 
1978) however, numerous shortcomings arise with the use of most bench-scale apparatus.
The literature contains many reports concerning the inability of bench-scale alpha tests to predict 
full-scale values. Barnhart (1969) describes a situation in which a full-scale diffused air system 
yielded an alpha value greater than 1.0, whilst the bench-scale test provided an alpha value of 
0.8. Otoski and Brown (1978) failed to derive identical alphas for full and bench-scale tests. 
Gilbert (1978) also obtained conflicting results for course bubble diffusers in deep tanks 
compared to bench-scale tests.
The disparities reported between full-scale and bench-scale alpha tests are not surprising when 
the multitude of factors that influence the mass transfer product, Kia, and therefore alpha, are 
considered. In view of factors that are reported to affect alpha, maintaining similitude between 
full-scale and bench-scale is a complex task. The required size of the apparatus for undertaking 
bench-scale alpha tests may be much larger than used by previous investigators (Bass and 
Schell 1977). They claimed that a good approximation of alpha may be made in a small vessel 
by matching K^a in both systems. Gilbert (1978) found that to do this would necessitate different 
levels of turbulence. Since it is accepted that aeration efficiencies Increase with water depth 
most likely due to Increases in bubble contact time, in order to have similar Kia values an input of 
more air per unit volume would be required for the bench-scale apparatus. This greater input of 
air would result in different levels of turbulence that would negate any attempt to maintain 
dynamic similarity.
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Uncertainties exist over the necessity to scale bubble contact time. If different depths are to be 
utilised at full-scale and bench-scale, then much lower bubble velocities are required. These 
lower velocities may result in altered hydrodynamic conditions at the air-liquid interface.
The degree of mixing within a system has been found to have a considerable influence upon Kia. 
Morgan and Bewtra (1960) conducted a series of investigations into the efficiencies of course 
bubble diffusers in a large tank and a four-inch diameter column at equal water depths. They 
found significant differences between results and concluded that a single, narrow column cannot 
model a large aeration tank.
If bench-scale alpha testing is to be representative, the influence of certain system components 
must be established for the determination to be meaningful. The bubble size and bubble rise 
velocity should be recognised as important parameters. This means that the effect of water 
depth and gas flow rate should be investigated. The mode of bubble formation may also be 
critically related to the evaluation of alpha. The type of surfactant will influence alpha as 
determined by the surfactant’s adsorption time, the diffusion rate to the interface, and effect on 
interfacial characteristics. Therefore, the actual test liquid will yield considerable information 
concerning the Kia. Finally, correct geometric scaling, as it relates to mixing, would appear to be 
crucial to an accurate estimation of alpha.
The possibilities of developing a meaningful bench-scale alpha test for the basis of the current 
experimental program.
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9. Literature Synopsis
From the literature reviewed, it can be concluded that knowledge about the causes and 
mechanisms of the inhibition of oxygen transfer to wastewater is incomplete and in many areas 
widely disputed.
Due to the magnitude of the changes of alpha factors reported for the same systems, there is a 
requirement to characterise the variance of alpha due to wastewater characteristics changing 
with time of day, and day of week.
Alpha factor is strongly affected by the generic type of aeration device. There is convincing 
evidence to indicate that alpha factors for fine bubble diffusers are lower than those encountered 
by surface aerators.
The properties of a wastewater, which are of importance to the oxygen transfer capability, can be 
altered by the degree of treatment activity. The changes in the water’s contents of surfactants 
and the removal of mineral salts during the process have been identified and described as two 
important factors for consideration.
Surfactants profoundly affect oxygen transfer in bubble aeration systems, usually in an adverse 
manner. In general, the oxygen transfer coefficient exhibits a decreasing trend as the number of 
carbon atoms in the alkyl chain increases. The effect of a surfactant on oxygen transfer is also a 
function of the character of is hydrophilic group as well as its hydrophobic group.
The organic matter accumulated on the surface of the suspended solids may undergo direct 
chemical oxidation or a biologically mediated (enzymatic) reaction, which may consume 
molecular oxygen. The influence of reactive solids on oxygen transfer is not only dependant on 
the kinetics of the chemical reaction at the solids-liquid interface, but is also a function of the 
biological activity.
At present, the measurement of alpha may be characterised as an inexact science. General 
conditions for alpha testing should resemble the conditions of the full-scale process as closely as 
possible. Ideally the alpha factor should only include the effects of the water or wastewater 
constituents, however, at present many alpha factors reported may well include process-related 
phenomena, such as the effects of scale-up.
The goal of proper alpha factor evaluation must be the elimination of all spurious phenomena in 
order to leave the alpha factor for a particular system, dependent only upon wastewater 
characteristics.
If this objective is to be achieved and a thorough understanding of the variables that effect the 
inhibition of oxygen transfer to wastewaters gained, the development of a portable alpha test 
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which can be scaled-up to accurately predict alpha factors for full-scale equipment must therefore 
be of a high priority.
The Performance of Fine Bubble Diffusers 24 -153
24 Month Report
References
Andrews, G. F., Fonta, J. P., Marrotta, E., Stroeve, P. (1984) -  "The Effect o f Cells on Oxygen 
Transfer Cefficients I. Cell Accumulation Around Bubbles”. Chem. Eng. J. 29, B39.
APHA (1985) -  "Standard Methods for the Examination of Water and Wastewater". Eds.
Greenberg, A. E. et al. APHA, AWWA, WPCF.
Arden E. and Lockett W.T. (1914) -  "Experiments on the oxidation o f sewage without the aid of 
filters”. J.Society of Chemical Industry. 33, 523.
Ashley K.I., Hall K.J., & Mavinic D.S. (1991) - "Factors influencing oxygen transfer in fine pore 
diffused aeration,"\Nater Research, Vol. 25, No. 12, pp 1479-1486.
Barnhart E.L., (1969) -  "Transfer o f Oxygen in Aqueous Solutions.” J. San. Eng. Div. ASCE, 95 
(SA3), 645-661.
Baars, J. K. (1955) - The Effect o f Detergents on Aeration : A  Photographic Approach to the 
Problem. J. Proc. Inst. Sew. Purif. 4, pp 358-362.
Bass, S. J., and Schell, G. (1977) -  “Evaluation o f Oxygen Transfer Coefficients on Complex
Wastewaters”. Proc. 32"^ Purdue Industrial Waste Conf. pp 953-967.
Bewtra J. K., and Nicholas W. R. (1964) -  "Oxygenation from diffused air In aeration tanks.” J. 
Wat. Poilut. Control Fed. 36, 1195-1224.
Boon, A.G. (1980) -  “Measurement o f Aerator Performance”. Symposium on The Profitable 
Aeration of Wastewater, April 25*'^ ' London.
Brown, L. 0. (1978) -  "Oxygen Transfer Parameter Estimation”. Proc. ASCE-EPA Workshop, 
Towards and Oxygen Transfer Standard.
Bungay, H. R. and Masak, R. D. (1981) -  “Estimation o f Thickness o f Bacterial Films at an Air- 
Water Interface". Biotechnology and Bioengineering, 23, 1155.
Burde M. and Steinmetz H. (1993) -  “Importance o f biological factors for the oxygen uptake in 
activated sludge systems for sewage treatment." Abwassertecknik, 1993, 44, No.1, 20.
Casey, T.J. and Karmo, O.T. (1974) ~ “The Influence o f Suspended Solids on Oxygen Transfer In 
Aeration Systems”. Water Research Vol.8 pp 805-811.
CIWEM (1997) - Activated Sludge Treatment. Handbooks of UK Wastewater Practice, CiWEM.
The Performance of Fine Bubble Diffusers 24 -154
24 Month Report
Clift R., Grace J.R., & Weber M.E. (1978) -  “Bubbles, Drops, and Part/c/es." Academic Press, 
London.
Cooper, D.G., and Zajic, J.E. (1980) -  “Surface Active Compounds from Microorganisms”, 
Advances in Applied Microbiology 26, pp229-253.
Danckwerts, P.V. (1951) - Significance o f Liquid-film Coefficients in Gas Absorption. Ind. Eng. 
Chem. 43 (6).
Deronzier G., Gillot S., Duchene Ph., Heduit A. - (1996) “Influence de la vitesse horizontale du 
fluide sur le transfert d ’oxygene en fines bulles dans les bassins d ’aeration.” Tribune de l’eau. 
No. 5-6. Pp. 91-98.
Deronzier G. (1997) - Personal communication.
Diendoerfer F. H. and G ad en E. L., Jr., (1955) - Appl. Microbiol., 3, 253, 1955.
Eckenfelder W.W. Jr., (1959) -  “Absorption o f Oxygen from Air Bubbles in Water.” J.San. Eng. 
Div., ASCE, 85 (SA4) 89-99.
Eckenfelder W.W. Jr, Raymond L.W., and Lauria D.T. (1956) -  “Effect o f Various Organic 
Substances on Oxygen Absorption Efficiency”, Sewage and Industrial Wastes, Vol 28, No. 11, pp 
1357-64.
Eckenfelder W.W. Jr., and O’Connor D. J., (1964) -  “Biological Waste Treatment” Pergamon 
Press, New York 1964.
EPA (1989) Design Manual. “Fine Pore Aeration Systems.” U.S. Environmental Protection 
Agency Report, EPA-625-1-89-023.
Fujie K., Kasakura T., Tsuchiya K., and Tomita Y. (1997) -  “Effects o f air diffuser arrangement on 
hydrodynamics and oxygen transfer in activated sludge aeration tanks.” Environmental 
Technology, Vol. 18, pp 663-668.
Garner F.H., & Hammerton D. (1954) -  “Circulation inside gas bubbles.” Chemical Engineering 
Science, Vol. 3, No. 1.
Gilbert, R.G. (1978) -  “Measurement o f Alpha and Beta Factors” ASCE-EPA Workshop, “Toward 
an Oxygen Transport Standard” , Pacific Grove, California, April 1978, pp 147-162.
Gillot, S., Capela, S., and Heduit, A. (1998) -  “Alpha Factor and In-Process EfTciency in 
Horizontal-Flow Aeration Basins”. Aeration Conference: Aeration in Deep Basins and 
Sequencing Batch Reactors, Rome, 4**^  May.
The Performance of Fine Bubble Diffusers 2 4 -1 5 5
24 Month Report
Higbie, R. (1935) -  "The Rate o f Absorption of Pure Gas into a Still Liquid During Short Periods 
of Exposure". Trans. Am. Inst. Chem. Eng. 31, 365.
Houck, D.H. and Boon, A.G.(1981), “Survey and Evaluation o f Fine Bubble Dome Diffuser 
Aeration Equipment” EPA-600/2-81-222, Municipal Environmental Research Laboratory, U.S. 
EPA, Washington D.C.
Hudson, J. A. (1992) -  Rock Engineering Systems: Theory and Practice. Ellis and Horwood.
Huibregste G. L., Rooney T. C. and Rasmussen D.C., (1983) -  “Factors affecting fine bubble 
diffused aeration.” J. Wat. Poilut. Control Fed. 55,1057-1064.
Ippen A. T., and Carver C. E., (1954) -  “Basic factors o f oxygen transfer in aeration systems.” 
Swge Indust. Wastes 26, 813-829.
Ippen A.T., and Carver E., (1955) -  Hydrodynamics Lab. Tech. Rept. No.14, M.I.T. in 
“Absorption o f Oxygen from Air Bubbles in Water,” Eckenfelder Jr., W.W., J. Sanitary Eng Div., 
ASCE, 85 (SA4) 1959.
Kessener, H.J., Ribbius, F.J., (1935) -  “Practical Activated Sludge Research.” Journal Proc. Inst. 
Sew. Purif. 50
Kountz, R. R., and Villforth, J. C. (1954) -  “Biological Oxidation Aerators”. Proc. 9'*^  Purdue 
Industrial Waste Conference, pp 53-56.
Lamb, M. (1962) -  Proc. 1®‘ Int. Conf. on Water Pollution Research, London.
Landine, R.C. (1971)-W ate rS ew W ks, 118, p p 242-244.
Lewis W. K., and Whitman W.G., (1924) -  “Principles o f gas absorption.” Ind. Eng. Chem. 43, 
1215.
Li, Da-hong, and Ganczarczyk, J. J. (1990) -  “Structure o f Activated Sludge Floes".
Biotechnology and Bioengineering, 35, pp 57-65.
Lister, A. R., and Boon, A. G. (1973) -  “Aeration in Deep Tanks: An Evaluation of a Fine Bubble 
Diffused-Air System”. J. Inst. Water Poilut. Control, 72, p590.
Lynch, W.O., and Sawyer, C.N. (1954) -  “Effects of detergents on oxygen transfer in bubble
aeration.” J. Water Poilut Control Fed., 32(1), 25-40.
The Performance of Fine Bubble Diffusers 2 4 -1 5 6
24 Month Report
Mancy, K. H., and Barlage, W. E. (1968) -  “Mechanisms o f Interference o f Surface Active Agents 
In Aeration Systems”, in Advances in Water Quality Improvement, Ed Gloyna E. F. and 
Eckenfelder W. W., Uni of Texas Press, pp 262-286.
Mancy K. H., and Okun D. A., (1960) -  “Effects o f surface active agents on bubble aeration.” J. 
Wat. Poilut. Control Fed. 32, 351-364.
Mancy, K.H., and Okun, D.A. (1965) -  “Effect of surface active agents on aeration.” J. Water 
Poilut Control Fed., 37(2), 212-227.
Mavinic D.S., and Bewtra J. K., (1974) -  “Mass transfer o f oxygen diffused aeration systems.” 
Can J. Civ. Engng 1, 71-84.
Mckeown, J.J., and Okun, D. A. (1960) -  “Oxygen in Waste Treatment: Effects o f Surface Active 
Agents on Oxygenation”. U.S. National Institute of Health, Report 3720.
McKinney, R. E., (1957) -  “Syndets and Waste Disposal”, Sewage and Industrial Wastes 
Journal, 29, pp 654-666.
Mercer A.G. (1997) -  “Comparisons o f performance for fine bubble diffusers.” Thames Water 
Report.
Metcalf and Eddy (1991) -  Wastewater Engineering : Treatment, Disposal and Reuse. Eds 
Tchobanoglous, G. and Burton, F. L. McGraw-Hill Inc. New York.
Meijboom, F.W., Vogtlander, J.G. (1974) - “The influence of surface-active agents on the mass 
transfer from gas bubbles in a liquid,” Chemical Engineering Science 29, 857
Mines, R. O. and Sherrard, J.H. (1987) -  “Biological Enhancement o f Oxygen Transfer in the 
Activated Sludge Process”. J. Water Poilut. Control Fed. 59,19.
Montgomery, H. A. C., Thom, N. S. and Cockburn, A. (1964) -  J. Appl. Chem. 14, 280.
Morgan, P. F., and Bewtra, J.K. (I960) -  “Air Diffuser Efficiencies”. J. Water Poilut. Control, 32, p 
1047.
Motarjemi M., and Jameson G.J., (1978) -  “Effect of Bubble Size on Oxygen Utilisation in 
Aeration Processes,” Ch.3 in New Processes o f Waste-Water Treatment and Recovery (ed) 
Mattock g., SCI and Ellis HorwoodA/Viley 48-57.
Norberg, A. B. and Enfors, S. (1982) -  “Production o f Extracellular Polysaccharide by Zoogloea 
Ramigrea”. Applied and Environmental Microbiology, Nov.
The Performance of Fine Bubble Diffusers 24 -1 5 7
24 Month Report
Pasveer I., (1955) -  Sewage Ind. Wastes, 27, 1130.
Quicker (1981) - Biotechnology and Bioengineering 23, 635.
Ribbius, F. J., and Kessener, H.J. (1935) -  “Practical Activated Sludge Research". J. Institute of 
Sewage Purification, pp50-66.
Schmit F. L., Wren J. D., and Redmom D. T. (1978) -  “The effect o f tank dimensions and diffuser 
placement on oxygen transfer." J. Wat. Poilut. Control Fed. 50,1750-1767.
Stenstrom, M.K., and Hwang, H.J. (1979) - The Effect o f Surfactants on Industrial Aeration 
Systems. Proc, 34“  ^ Ind. Waste Conf. Purdue Uni. USA.
Sundararanjan, A. and Lu-Kwang, Ju (1995) -  “Biological Oxygen Transfer Enhancement in 
Wastewater Treatment Systems". Water Environment Research, 67, 7.
Tsao, G. T. (1968) -  “Simultaneous Gas-Llquld Interfacial Mass Transfer and Biochemical 
Oxidation". Biotechnology and Bioengineering, 10, 765.
Vardar-Sukan F. (1985) -  “Dynamics o f oxygen mass transfer in bioreactors. Part 1: Operating 
variables affecting mass transfer.” Process Biochemistry, December 1985.
Winkler M, i^9 8 '\)- “Biological treatment o f waste-water.” Ellis Horwood, London.
Yoshida S., and Manasseh R., (1997) -  “Trajectories of Rising Bubbles.” Japanese Multiphase 
Flow Symposium, Hokkaido Uni., 16“  ^July 1997.
The Performance of Fine Bubble Diffusers 24 -158
24 Month Report
APPENDIX 4
EngD Conference Paper 1998
FULL-SCALE TESTING OF AERATION SYSTEMS -  DOES IT
PROVIDE VALUE?
The Performance of Fine Bubble Diffusers 2 4 -1 5 9
24 Month Report
FULL-SCALE TESTING OF AERATION SYSTEMS -  DOES IT PROVIDE
VALUE?
Adrian Mercer^’^ , Steve W illiams\ Hans Muller-Steinliagen^, Jolm Smith^
1 Thames Water Research & Teclmology, Spencer House, Manor Farm Road, Reading.
2 Department of Chemical and Process Engineering, University of Smi’ey, Guildford.
Abstract
In the Activated Sludge process, the aeration system sei*ves two fimctions; it 
supplies dissolved oxygen to satisfy the respiratory demands o f the microbial 
population and maintains the mixed liquor suspended solids in suspension. The 
rate at which oxygen is transfeired into solution by an aeration device, and the 
amount o f energy consumed dmiiig the process will have a direct effect upon the 
oxygen transfer efficiency and hence the cost o f treatment. As to the financial 
implications o f an under-perfonning system are significant it is common practice 
within Europe and the USA to assess the perfomiance o f aeration systems and their 
ability to meet their contiuctual guarantees. This is achieved tlu'ough a series o f  
unsteady-state tests to deteiinine the oxygen transfer capacity in clean water under 
standard conditions. The cost involved in undertaking such tests is liigh, typically 
£8k - £12k, and it is often asked if  this cost is justified. Does aeration testing 
provide value, or is it an urmecessary expenditure? A case study o f an aeration test 
undertaken at a municipal wastewater treatment facility is used to highlight the 
advantages o f such tests, and demonsti'ate their cost effectiveness. The experiences 
of Thames Water pic in performing aeration testing ar e used to expand upon the 
case study and the arguments for and against full-scale testing. It is concluded that 
full-scale testing provides a valuable insight into the design and performance o f  
newly installed or re-furbished plant and that it is a valid method o f ensming 
contractual compliance with regar'd to system performance and efficiency.
Key Words: unsteady-state aeration testing, activated sludge, oxygen
transfer measurement.
Introduction
The activated sludge process is a method o f treating biodegradable wastewaters by 
aerating and agitating the wastewater with a biological cultirre, producing mixed liquor. 
The activated sludge is subsequently separated fi*om the treated effluent by settlement. It 
is estimated that approximately 50% o f the sewage that is given aerobic biological 
treatment in the United Kingdom receives treatment in activated sludge plants (CIWEM, 
1997).
In the activated sludge process, the aeration system serwes two fimctions; it supplies
dissolved oxygen to satisfy the respiratory demands o f the microbial population, and
maintains the mixed liquor suspended solids in an agitated state o f suspension. This is
achieved by either introducing birbbles o f air at the bottom o f the tank or by surface
aerators. This study is concerned with the perfoimance of fine bubble diffused aeration 
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systems. These systems consist o f porous diffusers placed at the bottom o f the treatment 
unit thi'ough which clean air mider pressine is passed, producing bubbles with an average 
diameter o f 2mm. Various materials have been used in the manufacture o f porous 
difhisers. These generally fall into the categories o f rigid ceramic and plastic materials, 
or flexible rubber membranes. Aeration and mixing aie achieved by the streams of 
bubbles as they rise tlnough the mixed-liquor. As the bubbles rise to the surface, oxygen 
transfer takes place and circulation cunents are established which promote mixing and 
prevent the settlement o f solids.
One o f the contributory factors for the overall efficiency o f aeration systems is the rate at 
which oxygen is tiansfeiTed into solution by the aeration system. The ability o f an 
aeration system to transfer oxygen into solution can be measined by conducting unsteady- 
state tests in clean water. This verification of performance of a newly installed system is 
usually undertaken as pait o f the commissioning process. Within the UK it is common 
practice to use a standard proceduie, such as that developed by the American Society of 
Civil Engineers (ASCE, 1991), for the measurement o f oxygen transfer in clean water.
The imsteady-state method refers to the measurement o f the rate o f change of dissolved 
oxygen concentration dining the re-aeration o f previously de-oxygenated water. These tests 
are traditionally performed in potable or ‘clean’ water to avoid any difficulties with 
contaminants which may interfere with the measurement of dissolved oxygen or the oxygen 
tiansfer process. It was also considered that potable water would be universally available so 
that tests at shnilar locations would give comparable results.
As the volimies of clean (potable) water required to imdertalce a unsteady-state aeration test 
are lai'ge, typically several thousand cubic meti'es, it is common practice within the UK for 
the tests to be perfoimed in either groimdwater, river water or good quality final effluent. 
Good quality final effluent and river water have been fomid to provide satisfactoiy results 
when used as a substitute for clean water (Downing et al, 1960). The results o f such a test 
ai'G then related to clean-water perfoimance by means o f an apparent alpha factor (Lister and 
Boon, 1973). This appaient alpha is deteimined on-site by means o f a portable test tower 
that is capable of replicating the parameters experienced at full-scale.
Background to Unsteady-State Testing
The detailed test methodology is described elsewhere (ASCE, 1991) and thus only a 
sunnnary will be provided here. The test method is based upon the removal of dissolved 
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oxygen (DO) fi*om a volume of water by the addition o f sodiimi sulpliite in the presence o f a 
colbalt catalyst, followed by re-aeration to the saturation level. The level of DO within the 
water is monitored during the re-aeration period by measming the DO concentration at 
several points representative of die taidc contents.
The data obtained at each determination point aie then analyzed by a simplified mass 
ti'ansfer model to estimate the appaient volmnetiic mass transfer coefficient, Kia, and the 
steady-state DO satination concentiation, C*a> This simplified mass tiansfer model is 
described by Brown and Baillod (1982), and is given by:
Q  = C'oo -  (Cqo -  Cq )exp(- K i a t )
Wliere:
Ct = DO concentration at tim e/, (mg/1)
C*co ~ determination point value o f steady-state DO satm ation
concentiation as time approaches infinity, (mg/1)
Co = DO concentration at time zero, (mg/1)
Kia = detemiination point value of the apparent volmnetiic
mass tiansfer coefficient, (In' )^
Non-lhiear regression is used to fit the above model to the DO profiles measmed dming the 
re-aeration of the test liquid. This provides estimates of Kia and C*oo which are then 
adjusted to standai'd conditions o f zero dissolved oxygen concentiation, 20“C and 1 
atmosphere barometiic pressme. There are several key factors that may be used to provide 
an indication of the perfoimance o f an aeration system:
• Standard Oxygen Transfer Rate (SOTR)
The SOTR is the mass o f oxygen per imit time dissolved in a volume of clean water by 
an oxygen transfer system at the standard conditions o f zero dissolved oxygen 
concentiation, a water temperature o f 20°C and a baiometiic pressure o f 1.00 atm 
(lOlkPa).
•  Standard Oxygen Transfer Efficiency (SOTE)
The SOTE is the fi action o f oxygen m a gas stream dissolved in clean water when the 
DO concentration is zero, the water temperatm'e is 20°C, and the baiometric pressm'e is 
1.00 atm (lOllcPa),
• Standard Aeration Efficiency (S AE)
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The SAE is the SOTR per unit total power input. It is usually stated as wire-to-water, 
and thus includes the power consumption o f all ancillary equipment (additional 
mixers, blower motor heaters, etc.)
The Aeration Testing Service
Since 1983 Thames Water pic (Thames Water Authority prior to 1989) has had the facility 
to undertake full-scale unsteady-state testing o f aeration systems. Thames Water has gained 
considerable experience in undertaking such tests for development purposes and to ascertain 
contractual compliance of such systems. During this period over 60 full-scale aeration tests 
have been performed for Thames Water and other UK water utilities, manufacturers and 
suppliers of aeration equipment, and contractors to the UK water industry. The aeration 
testing facility comprises o f two 7.5 tonne vehicles. One vehicle provides chemical make­
up allowing for batches of up to 1250kg anhydrous sodium sulphite to be made-up and 
distributed. This vehicle is self-contained in that chemical conveying, mixing, and 
distribution are powered by the vehicle’s engine. The second vehicle provides a mobile 
workshop and laboratory that contains all of the dissolved oxygen logging and data 
processing equipment. These are shown during a recent aeration test in figure 1.
Figure 7 Thames Water Aeration Testing Service
...
 _
As the implications o f an under-performing system are often significant it is common 
practice within Europe and the USA for the aeration capacities o f new equipment to be 
specified and then measured as part of the commissioning process. This occurs either when 
a new plant has been constructed or existing plants have been redesigned and upgraded to 
take account o f process modifications. Plants are also tested following the periodic 
refurbishment of aeration lanes. The typical operational life span o f a fine bubble diffused 
aeration system is dependent upon the decrease in the diffuser efficiency over time. The 
reasons for this drop-off in performance are subject to much contention, but are believed to 
be dependant upon several factors such as operational and maintenance regime and 
wastewater characteristics (EPA, 1989). However, in general the refurbishment o f the
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aeration lanes o f a ‘typicaT activated sludge plant, with a population equivalent (PE) o f  
150,000, costs between £100k and £150k (1997/98) and is required every seven to eight 
years.
It is usual practice to evaluate each different diffuser density at low, medium and high 
airflow rates. This provides an indication o f the perfoimance across the full operational 
airflow range and tihuroughout the whole o f the tapered aeration system. Such a series of 
tests would typically take five days to perfomi. The costs o f a series o f aeration tests is 
dependent upon several factors such as the specific number o f tests, and the volume of 
the test zone, but in general are between £8-12k. This represents between 4-8% o f the 
total capital cost o f a new aeration system (below water line). It is often asked if  such 
expenditure is justified. The design and specification o f aeration systems is not exactly 
rocket-science, hence is it really necessary to imdertalce an exercise that merely amounts 
to checking-up on the design engineer? hi order to address these questions I shall 
introduce a case study o f a recent aeration test and draw upon the experiences o f the 
Thames Water Process Dynamics aeration testing service.
Case Study
Thames Water Process Dynamics were commissioned to imdertalce a series o f unsteady- 
state aeration tests on a recently refurbished fine bubble diffused aeration plant at a 
municipal wastewater treatment facility. The plant was configured for biological nutrient 
removal (BNR) and consisted o f two plug-flow aeration lanes. Ceramic disc fine bubble 
diffusers were installed in a full coverage giid fomiation, the diffuser density decreasing 
along the aeration lane.
A series o f unsteady-state aeration tests were perfoimed to determine the maximum, 
average and minimum oxygenation capacities (SOTR’s). The procedure employed was 
in accordance with the ASCE standard (ASCE, 1991) for the measurement o f oxygen 
transfer in clean water with modifications to enable the use o f final effluent as the test 
liquid. A series o f unsteady-state column tests were performed on the final effluent and 
in potable water to determine the apparent alpha (aapparent) o f the test liquid. This was 
then applied to the final effluent results to provide an indication o f clean water 
perfoimance.
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The SOTR targets and the values achieved by the installed plant, conected to the 
standard conditions o f zero dissolved oxygen concentration, 20°C and 1 atmosphere 
baiometric pressme (ASCE, 1991), are given in table 1,
Table 2 Standard Oxygen Transfer Rates By Zone
Air Flow High Intensity Zone 
SOTR (kgCo.li^)
Medium Intensity Zone 
SOTR (kgOj.h-^)
Low Intensity Zone 
SOTR (kg02.h-‘)
Target Achieved Target Achieved Target Achieved
High 297 302 240 241 142 116
Medium 162 160 130 132 77 65
Low 120 125 97 97 58 46
From table 1 it may be seen that the majority o f the targets were met, apait fi'om two 
areas:
• The SOTR for the high intensity zone, medium air rate failed to achieve the process 
guarantee o f 162 kg02.h'\ The achieved SOTR of 160 kg02.h'^ is 1.24 % below the 
target. This was considered to be within the bounds o f experimental eiTor and was 
not cause for concern.
• All tluee tests performed within low intensity zone failed to achieve the stated 
process guarantees. The achieved SOTR values were on average 18 % below the 
targets.
The poor perfoimance o f the low intensity zone was o f great concern. In this zone, the 
SOTR’s for all airflow rates were significantly below the specified targets. It is evident 
that this zone was unable to meet the constraints set within the design contract with 
regal'd to the SOTR.
Discussion
The case study presented demonstiates the ability o f full-scale unsteady-state aeration 
testing to identify an under-acliieving system and that it can provide an essential function 
in ascertaining whether an installation has met the performance guarantees specified 
within the design contract.
hi the past the ai'gument that testing was imnecessaiy, or at best aibitraiy, would seem to 
have some merit, hi the eaiiy days o f the testing seiwice the vast majority o f tests passed 
and in most cases exceeded the targets stated within the design contiacts by some
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considerable mai'gin. Possible reasons for tliis are conseiwative designs employed for the 
aeration systems o f the time and the numbers o f manufactuiers and suppliers of aeration 
equipment was considerably less. It may be hypothesised that tliis resulted in a more 
intimate Imowledge of the products, their related performances, and the requirements o f the 
buyer.
Thames Water Process Dynamics have become aware that there has been a considerable 
increase in either test failures or aeration systems that barely achieve their required targets. 
This failure/near miss rate is presently rumiing at around 30% o f all tests undertaken, hi the 
opinion o f the auüiors there are several reasons for this shift in performance. Manufacturers 
and suppliers o f aeration equipment ai'e in an incredibly competitive market. The number of  
products and suppliers available to the buyer is at an all time high. With the decision upon 
the choice o f aeration system largely based upon capital costs alone, there is increasmg 
pressme upon design engineers to push the performance o f their products and systems to the 
limit. Where, in the past, a safety margin would be incorporated to provide a conservative 
design, now designs ar e closer to the mark, leaving little margin for en*or or natural variance 
witliiri products and systems. For the manufacturers and suppliers o f aeration systems the 
temptation of submitting an optimistic design and thus a competitive tender in order to 
secure the contract, should be weighed against the often heavy financial penalties imposed 
for systems that fail to meet their process guar antees. The insistence o f the buyer upon ftrll- 
scale aeration testing is one way of moderating supplier enthusiasm.
It is the opinion o f the authors that many manufacturers have been optimistic about the 
performance of tlieh products, which has in turn led to guarantees being given which cannot 
be met. Stenstrom (1998) calls for manufacturers to become more proficient and 
economical in evaluating their materials and clean-water performance o f their products. It 
is hoped that the impending publication o f tlie ASCE Guidelines for Quality Assurance for 
histalled Fine Pore Aeration Equipment will assist in tliis task.
The financial implications o f an imder-performing aeration system to the operator ai'e 
considerable. The total electrical energy used by Thames Water in 1997/8 at the 54 sites 
using the activated sludge process (ASP), was 1.650x10^ MJ. The process o f aeration is 
energy intensive, with over 70% of all power used on an ASP site being consumed by the
9aeration process, equating to 1.155x10 MJ/year (this includes all electricity, whether 
generated on site fiom sludge gas or purchased fi'orn the regional electricity supplier). At
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a notional £0.04/kWh, this amounts to a total cost o f aeration for Thames Water o f  
£11.1 m/year (1997/98), thus every 1% shift in aeration efficiency is worth in excess of  
£0.1 m/year. For the case study presented, the financial implications o f the under- 
perfomiance o f the low intensity zone would have been an increase in power 
consumption o f 37% over the design figine to satisfy the required SOTR. At a notional 
£0.0366/kWh this amounts to an extra £2k per annum and a forecasted whole o f life cost 
of £13k which would have had to be borne by the operator if  the aeration test had not 
been performed and the system deficiency brought to light.
As well as the severe operational financial penalties, there are significant process 
implications of an imder-perfomiing aeration system. If the installed system is incapable of 
delivering the required amoimt o f dissolved oxygen, the oxygen demands o f the process 
may fail to be met. This can result in difficulties in maintaining the bulk DO concentration 
at the required level and may in-tiun lead to process complications such as the inliibition of 
nitiification and poor settling sludge. Both of these may result in a breach o f dischaige 
consents, hi the longer tenn, problems such as diffuser fouling may also occur which will 
also lead to a fiuther deterioration in oxygen transfer.
hi order to reduce the cost o f full-scale aeration testing it has been suggested that pilot or 
laboratoiy-scale testing may provide a viable alternative. Tliis ‘shop’ testing is widely used 
in the USA mid Germany to deteimine the performance o f specific diffusers and their 
various process configuiations (e.g. diffuser density, airflow rate, wastewater chaiacteristics, 
etc) prior to the awai'd o f any conhact. For this type o f test the emphasis is placed upon the 
diffiiser supplier to demonstrate the suitability o f their product for the application. 
However, even when such tests are imdertalcen, it is still deemed necessary to perfoim full- 
scale tests once tlie installation is complete to check the whole system perfoimance.
Pearce and Muir (1996) highlight that full-scale aeration testing o f fine bubble diffiised air 
systems measures the performance not just o f the process, but o f the engineering of the 
installation. As such, it can highlight associated problems such as compressor or blower 
efficiency, control and measiuement of airflow and other issues o f operability. Thames 
Water Process Dynamics have been instinmental in identifying problems such as undersized 
pipe work, under-rated blowers, and incon*ect control valve sizing whilst imdertaldng fiill- 
scale aeration testing.
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With the proliferation o f manufactm*ers, suppliers and installation contr actors, often there is 
little data on the full-scale performance o f the systems that they offer. Aeration testing can 
provide a valuable insight to both supplier and buyer into the design and installation 
practices and, as such, should be welcomed not only for checking for contractual 
compliance, but for providing valuable data for futur e designs and costings of their systems 
and products.
Conclusions
Aeration costs typically account for 70% of the energy consimied during the activated 
sludge treatment process, thus any inefficiency o f an installed system can increase 
operating costs considerably.
So does full-scale testing o f aeration systems provide value? It has been demonstrated 
that the lifetime costs o f an under-performing aeration system can be considerable. 
Thames Water Process Dynamics have identified several systems that have failed to meet 
the contractual requirements for oxygenation requirements and oxygenation efficiencies. 
Failure to test will result in operators being left with aeration systems that are either 
below design capacity or whose energy costs are above those budgeted for. Aeration 
testing also has the intangible benefits o f highlighting engineering problems o f the 
installation along with generating valuable information enabling better designs and more 
accurate costings in the future. Any test or procedure that is capable o f highlighting 
deficiencies in performance and efficiency at an early stage in the life o f an aeration 
system can therefore only provide value.
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APPENDIX 5
FULL-SCALE UNSTEADY-STATE AERATION TESTING OF A 
LARGE MUNICIPAL WASTEWATER TREATMENT PLANT
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Executive Summary
Thames Water Process Dynamics were commissioned to undertake a series of "unsteady state" 
aeration tests on a recently refurbished diffused air aeration plant at a major municipal 
wastewater treatment facility.
Ceramic disc fine bubble diffusers were installed in a grid format providing full coverage of the 
bottom of the tanks.
The aeration tests followed the ASCE Oxygen Transfer Standard and were performed between 5*'' 
and 9^  ^Jan 1998. A single lane was filled with good quality final effluent and a single blower was 
used to provide the airflow rates required.
The test results demonstrate that the plant will achieve the oxygenation guarantee of the 
process for zones 1 and 2.
Zone 3 failed to achieve the process guarantee.
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1. Introduction
An existing activated sludge plant at a large municipal wastewater treatment plant has recently 
been refurbished. This plant consisted of two diffused air lanes. The fine bubble diffusers, which 
were ceramic discs, were Installed In a full coverage grid formation, the diffuser density 
decreasing along the aeration taper.
A series of unsteady state aeration tests were performed on lane 1 (the left one as viewed from the 
blower house) to determine the maximum, average and minimum oxygenation capacities. The 
tests were performed in good quality final effluent.
The procedure employed was In accordance with the ASCE clean water test standard with 
modifications to enable use of final effluent as the test liquid. A series of column tests were 
performed on the final effluent and In potable water to determine the a factor of the test liquid. This 
derived a factor was then applied to the final effluent results to provide an indication of clean water 
performance.
The Performance of Fine Bubble Diffusers 2 4 -1 7 3
24 Month Report
2. Site and General Test Description
Prior to testing the chosen aeration lane was filled with good quality final effluent to a depth of 3.36 
m and aerated for more than 5 days.
Air flow was determined using the calibrated TSl hot wire anemometers placed on each of the 3 air 
mains to lane 1. The variation in air flow was achieved by adjusting the blower settings, either using 
the Internal Guide Vane (IGV) or Diffuser Vane (DV) which control the blower output. The air flows 
were balanced by adjustment of the manual isolation valves to provide an even distribution of air 
between the three aeration zones.
Power logging of blower 1 was undertaken. The power logger was connected to the input to the 
main supply panel for blower 1, thus recording total incoming power (wire - to - water). The site 
panel kW readings displayed similar readings to that of the temporarily Installed power logger.
The Performance of Fine Bubble Diffusers 2 4 -1 7 4
24 Month Report
3. Aeration Test Procedure
3.1 Test Liquid
The liquid for the test was final effluent. A tower test was performed using a single ceramic disc 
diffuser in a 4.0 metre deep column to determine the alpha factor between the final effluent and 
potable water, in line with the ASCE standard. See Commentary F.1, Page 40 - Second Edition. 
(Appendix D, Fig.2)
3.2 Catalyst Addition.
A solution of Cobait Chloride was added to each zone prior to testing to ensure that the 
concentration of cobalt during the test would remain in the region of 0.2-0.5 mgl"\
3.3 Sulphite Addition.
Technical grade anhydrous sodium sulphite 98% was used In the test. This was added as a 
solution via a mobile taker and hosing to the lane in a controlled way to ensure even distribution 
throughout the test zone. For each test approximately 75 kg of anhydrous sodium sulphite was 
added. During sulphite addition, the aeration system was at test air flow rate for all tests apart 
from the high air flow rate on zone 1. For this zone the air was temporarily reduced whilst the 
sulphite was added. Once a dissolved oxygen concentration below 0.5mg/l had been achieved 
the air was reintroduced to the zone and the flow rate checked. All air flow settings were 
witnessed by the clients throughout the duration of the tests.
3.4 D.O. Probe Location.
The DO probes used were of the PAM Oxysafe sensor type as supplied by Swan Instruments. 
Six probes were placed In the zone at depths of 1m to 2.5 m as measured from the liquid surface 
(Appendix C, Dia.3). The probes were calibrated in accordance with the manufacturers 
Instructions prior to the commencement of the tests.
3.5 D.O. Concentration Logging.
The signals from the DO probes were sent to 6 Swan Oxysafe DO meters and transmitted to the 
attached 6 channel data logger which recorded the dissolved oxygen concentration at 10 second 
Intervals (Appendix D, Flg.4). The aeration tank details, barometric pressure, water temperature 
were recorded In order to calculate values for oxygen saturation concentration Csat2o, mass transfer 
coefficient Kia, and oxygenation capacity OC20.
3.6 Airflow Measurement.
Airflow measurement was determined using TSl hot-wire anemometers positioned on each of the 
drop legs to lane 1.
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4. Test Sequence.
The sequence of testing was as follows.
Day 1, 05/01/98 Set up vehicles on site.
Day 2, 06/01/98 Set up equipment, completed high and med. tests zone 1.
Day 3, 07/01/98 Completed low air zone 1 and high, med and low air zone 2.
Day 4, 08/01/98 Completed low, high and med air zone 3.
Day 5, 09/01/98 Repeated high air zone 1. Completed tower tests for clean water and 
final effluent. Packed up equipment and left site.
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5. Test Method
The following steps were taken:
• Addition of Cobalt Chloride catalyst to the test zones at least two hours before sulphite addition.
• Adjustment of air flows to correct settings. D.O. probes calibrated. Logging started.
• Airflow turned down from high air rate during addition of sodium sulphite.
• Sulphite addition stopped once dissolved oxygen levels have fallen to around 0.6 mgl'^
• Adjustment of airflow to the set point (if required) and test started. Test runs until a stable
concentration Is reached, (three times the time taken to reach 90% saturation, 3tgo).
• Runs are repeated until all tests are complete.
• Logged data is transferred to a portable computer using Radcom software and then into an
Excel spreadsheet package for regression analysis.
• Kl3 values are then standardised to 20°C ( KLSao).
• Oxygenation capacity values (SOTR) are corrected to standard conditions of 1.023bar and
20°C.
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6. Aeration Test Results
6.1 Tower Tests
In order to determine the inhibition to oxygen transfer, (in this report described as the a factor), of
the final effluent used to undertake the aeration tests, a small scale pilot tower was used. A diffuser
from the manufacturer was placed in this tower and the tower filled up to 3.35 m In depth, to 
replicate the full scale depth. Tests were performed on site with clean water followed by final 
effluent. Air flows used matched the plant requirements. KLa2o was determined In each case and 
these results were compared. The following results show that the a factors were above 1.0 
throughout the air flow range. This confirmed that the test liquid was of excellent quality and an a 
factor correction was not required to be applied to the final results.
High air rate 
85 I/m
Medium air rate 
45 I/m
Low air rate 
30 I/m in
D.O. Probe c.w. f.e. c.w. f.e. c.w. f.e.
36.25 38.61 19.51 20.82 14.15 14.81
2.0m depth - KLa20 36.95 37.79 19.23 20.34 14.43 13.93
Average KLa20 36.60 38.20 19.37 20.58 14.29 14.37
a factor 1.04 1.06 1.05
(Note: c.w. - Clean water / f.e. - Final effluent)
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6.2 Effluent Analysis:
The analysis of the effluent used for the test was as follows:
Zone Date Time Cond.
(ps/cm)
COD
(mg/l)
TDS
(mg/l)
NH3
(mg/l)
ss
(mg/l)
1 06/01/98 09:00 739 25 342 0.1 2.0
1 07/01/98 10:00 1074 25 550 0.1 4.5
2 07/01/98 10:45 811 25 378 0.1 9.5
2 08/01/98 10:00 1157 25 537 0.1 5.5
3 08/01/98 10:30 870 25 404 0.1 5.0
3 09/01/98 09:00 1176 25 552 0.1 5.5
1 09/01/98 09:30 986 - 461 - -
1 09/01/98 12:00 1195 - 570 - -
(Note: All other analysis In mg/l)
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6.3 Full Scale Tests
6.3.1 General Conditions
The following Information shows the air flows supplied by the client and other parameters 
measured on site.
Description Air flow Zone 1 Zone 2 Zone 3
Total air flow Max 3319 2589 1693
(m%) Med 1659 1294 846
Min 1118 872 570
Air flow per diffuser Max 6.64 6.64 6.64
(m%) Med 3.32 3.32 3.32
Min 2.24 2.24 2.24
Number of diffusers per 500 390 255
zone
Number of diffusers per 140 105 60
test zone
Air flow rate for test zone Max 935 705 396
(m'/h) Med 466 355 199
Min 322 242 135
Atmospheric pressure Max 988 988 996
(mb) Med 987 988 997
Min 984 989 991
Relative humidity Max 94 78 77
(%) Med 94 83 73Min 75 87 93
Water temperature Max 5.3 5.3 5.7
(°C) Med 5.5 5.3 5.9
Min 5.4 5.3 5.3
Ave. Kua20 Max 13.20 10.06 4.49
a factor corrected Med 6.96 5.50 2.54
(hr-') Min 5.40 4.03 1.80
The water temperature, air flow and atmospheric conditions were noted at the start, at 90% 
saturation and at the end of the test and the results averaged.
The dissolved Oxygen (D.O.) Probes were placed at different depths and positions within the test 
zone to gain a representative sample of the tank.
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6.4 Table of Results
Zone 1 2 3
Air Flow Rate High Med Low High Med Low High Med Low
Air flow to zone 
(Nm^/h) 3340 1663 1150 2620 1320 900 1682 845 575
Air flow to test zone 
(Nm^/h) 935 466 322 705 355 242 396 199 135
Volume test zone 
(m )^ 314 314 314 314 314 314 314 314 314
Depth water 
(m) 3.36 3.36 3.36 3.36 3.36 3.36 3.36 3.36 3.36
Power - Wire 
to Water (kW) 12.84 6.07 4.36 9.67 4.59 3.30 5.44 2.59 1.84
SOTR - Target 
(kg Oa/h) 43.43 23.95 17.78 30.96 17.00 12.66 17.56 9.64 7.96
SOTR - Achieved 
(kg Oz/h) 42.34 22.34 17.47 32.42 17.73 13.01 13.60 7.66 5.41
SAE
(kg 0 2 /kWh) 3.30 3.68 4.01 3.36 3.87 3.94 2.50 2.96 2.93
Oxygen supplied 
(kg) 258.6 128.7 89.1 195.2 98.3 67.0 109.5 55.1 37.4
SOTE
(%) 16.36 17.37 19.60 16.61 18.03 19.42 12.42 13.90 14.46
Total SOTR target. 
Both Ianes(kg02/h) 297 162 120 240 130 97 142 77 58
Total SOTR met for 
both lanes (kg Oa/h) 302 160 125 241 132 97 116 65 46
The kW readings are monitored throughout the week using the power logger, the kW readings used 
for the calculations, are an average over the test period.
The final results are highlighted above, showing the target SOTR process guarantee set by the 
client, and the achieved SOTR calculated from the tests carried out by Thames Water Process 
Dynamics.
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7. Discussion
7.1 Bubble Pattern
The plant exhibited an even bubble pattern above the diffuser grid and good coverage of the 
whole lane.
7.2 Data Interpretation
The plots are divided up into the following categories:
• A real time plot of the re-aeratlon curve to saturation (Appendix A).
• Six plots of the Log deficit upon which a best fit linear regression line has been
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8. Conclusion
The specification required the plant to achieve SOTR at 20 °C values, as follows:
Air Flow Zone 1 
SOTR (kgOz/h)
Zone 2 
SOTR (kgOz/h)
Zone 3 
SOTR (kgOg/h)
Target Achieved Target Achieved Target Achieved
High 297 302 240 241 142 116
Med 162 160 130 132 77 65
Low 120 125 97 97 58 46
From the above table a majority of the targets were met, apart from two areas:
• The SOTR for zone 1, medium air rate failed to achieve the process guarantee of 162 
kgOg/h. The achieved SOTR of 160 kgOg/h Is 1.24 % below the target. This Is within the 
bounds of experimental error and thus Is no cause for concern.
® All three tests performed within zone 3 failed to achieve the stated process guarantees. 
The achieved SOTR values are on average 18 % below the targets.
The plant achieved a standard aeration efficiency between 3.3 kgOg/kWh and 4.0 kgOa/kWh for 
zones 1 and 2. For zone 3 the SAE’s were lower ranging from 2.5 - 2.9 kgOa/kWh, this is related 
to the low SOTR results calculated for this zone (Section 5.2.2).
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Appendicies
APPENDIX A - Real time plot re-aeration curves.
Zone 1 - High air flow rate - 
Zone 1 - Medium air flow rate - 
Zone 1 - Low air flow rate - 
Zone 2 - High air flow rate - 
Zone 2 - Medium air flow rate - 
Zone 2 - Low air flow rate - 
Zone 3 - High air flow rate - 
Zone 3 - Medium air flow rate - 
Zone 3 - Low air flow rate -
6.64 m^/h per diffuser
3.32 m^/h per diffuser
2.24 m^/h per diffuser
6.64 m^/h per diffuser
3.32 m^/h per diffuser
2.24 m^/h per diffuser
6.64 m^/h per diffuser
3.32 m^/h per diffuser
2.24 m% per diffuser
APPENDIX B - Final results In tabular format.
Note: Tables in same order as appendix A.
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APPENDIX A 
Real-time plots of re-aeration
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APPENDIX B 
Final results in tabular form
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Zone 1 Results
Probe number 1 2 3 4 5 6
Air Rate Nm3/h 935.2 935.2 935.2 935.2 935.2 935.2
Atmos Temp “c 6 6 6 6 6 6
Atmos Pressure mbar 968 988 988 988 988 988
Relative Humidity % 73 73 73 73 73 73
Part Press WaterVap mmHg 6.73 6.73 6.73 6.73 6.73 6.73
Water Temp °C 5.35 5.35 5.35 5.35 5.35 5.35
Alpha Factor 1 1 1 1 1 1
Beta Factor 1 1 1 1 1 1
Kla measured 8.783 8.733 8.751 9.158 9.097 9.455
Kla20 12.43 12.36 12.39 12.96 12.88 13.38
Kla 20 alpha corrected 12.43 12.36 12.39 12.96 12.88 13.38
Csat measured 14.03 13.75 13.99 13.75 13.57 13.62
Csat20 10.31 10.11 10.28 10.11 9.97 10.01
Csat20 Beta corrected 0.00 0.00 0.00 0.00 0.00 0.00
Volume m3 (Fixed) 314.09 314.09 314.09 314.09 314.09 314.09
Depth of plant 3.36 3.36 3.36 3.36 3.36 3.36
Measured kW 12.844 12.844 12.844 12.844 12.844 12.844
SOTR kg/h 40.27 39.24 40.01 41.15 40.34 42.08
SAE kg 02/kWh 3.14 3.06 3.11 3.20 3.14 3.28
Oxygen Supplied kg/h 258.89 258.89 258.89 258.89 258.89 258.89
SOTE % 15.55 15.16 15.45 15.89 15.58 16.25
SOTE %/m 4.63 4.51 4.60 4.73 4.64 4.84
Lane 1- Zone 1 - High airflow rate 3340 Nm3/h
Probe number 1 2 3 4 5 6
Air Rate Nm3/h 465.64 465.64 465.64 465.64 465.64 465.64
Atmos Temp °c 7.5 7.5 7.5 7.5 7.5 7.5
Atmos Pressure mbar 987 987 987 987 987 987
Relative Humidity % 94 94 94 94 94 94
Part Press WaterVap mmHg 6.775 6.775 6.775 6.775 6.775 6.775
Water Temp °C 5.5 5.5 5.5 5.5 5.5 5.5
Alpha Factor 1 1 1 1 1 1
Beta Factor 1 1 1 1 1 1
Kla measured 4.51 4.95 4.82 4.91 5.06 4.82
Kla20 6.36 6.98 6.80 6.93 7.14 6.80
Kla 20 alpha corrected 6.36 6.98 6.80 6.93 7.14 6.80
Csat measured 14.03 13.81 14.05 13.97 13.52 13.61
Csat20 10.36 10.20 10.38 10.32 9.99 10.05
Csat20 Beta corrected 0.00 0.00 0.00 0.00 0.00 0.00
Volume m3 (Fixed) 314.09 314.09 314.09 314.09 314.09 314.09
Depth of plant 3.36 3.36 3.36 3.36 3.36 3.36
Measured kW 6.072 6.072 6.072 6.072 6.072 6.072
SOTR kg/h 20.71 22.37 22.16 22.45 22.39 21.47
SAE kg 02/kWh 3.41 3.68 3.65 3.70 3.69 3.54
Oxygen Supplied kg/h 128.66 128.66 128.66 128.66 128.66 128.66
SOTE % 16.10 17.39 17.23 17.45 17.40 16.69
SOTE %/m 4.79 5.18 5.13 5.19 5.18 4.97
Lane 1 - Zone 1 - Medium airflow rate 1663 Nm3/h
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Probe number 1 2 3 4 5 6
Air Rate Nm3/h 322 322 322 322 322 322
Atmos Temp °c 6.5 6.5 6.5 6.5 6.5 6.5
Atmos Pressure mbar 984 984 984 984 984 984
Relative Humidity % 75 75 75 75 75 75
Part Press WaterVap mmHg 6.728 6.728 6.728 6.728 6.728 6.728
Water Temp °C 5.43 5.43 5.43 5.43 5.43 5.43
Alpha Factor 1 1 1 1 1 1
Beta Factor 1 1 1 1 1 1
Kla measured 3.78 3.924 3.744 3.78 3.744 3.852
Kla20 5.34 5.54 5.29 5.34 5.29 5.44
Kla 20 alpha corrected 5.34 5.54 5.29 5.34 5.29 5.44
Csat measured 13.7 13.94 13.97 13.93 13.78 13.83
Csat20 10.13 10.31 10.33 10.30 10.19 10.23
Csat20 Beta corrected 0.00 0.00 0.00 0.00 0.00 0.00
Volume m3 (Fixed) 314.09 314.09 314.09 314.09 314.09 314.09
Depth of plant 3.36 3.36 3.36 3.36 3.36 3.36
Measured kW 4.36 4.36 4.36 4.36 4.36 4.36
SOTR kg/h 17.00 17.95 17.17 17.28 16.93 17.48
SAE kg 02/kWh 3.90 4.12 3.94 3.96 3.88 4.01
Oxygen Supplied kg/h 89.12 89.12 89.12 89.12 89.12 89.12
SOTE % 19.07 20.14 19.26 19.39 19.00 19.62
SOTE %/m 5.68 5.99 5.73 5.77 5.65 5.84
Lane 1 - Zone 1 - Low air flow rate 1150 Nm3/h
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Zone 2 Results
Probe number 1 2 3 4 5 6
Air Rate m3/h 705.39 705.39 705.39 705.39 705.39 705.39
Atmos Temp °c 4 4 4 4 4 4
Atmos Pressure mbar 988 988 988 988 988 988
Relative Humidity % 78 78 78 78 78 78
Part Press WaterVap mmHg 6.681 6.681 6.681 6.681 6.681 6.681
Water Temp °C 5.3 5.3 5.3 5.3 5.3 5.3
Alpha Factor 1 1 1 1 1 1
Beta Factor 1 1 1 1 1 1
Kla measured 7.452 7.236 6.732 6.624 6.804 6.912
Kla20 10.56 10.25 9.54 9.39 9.64 9.80
Kla 20 alpha corrected 10.56 10.25 9.54 9.39 9.64 9.80
Csat measured 13.96 14.22 13.96 13.92 13.84 13.86
Csat20 10.25 10.44 10.25 10.22 10.16 10.17
Csat20 Beta corrected 0.00 0.00 0.00 0.00 0.00 0.00
Volume m3 (Fixed) 314.09 314.09 314.09 314.09 314.09 314.09
Depth of plant 3.36 3.36 3.36 3.36 3.36 3.36
Measured kW 9.668 9.668 9.668 9.668 9.668 9.668
SOTR kg/h 33.99 33.62 30.71 30.13 30.77 31.30
SAE kg 02/kWh 3.52 3.48 3.18 3.12 3.18 3.24
Oxygen Supplied kg/h 195.20 195.20 195.20 195.20 195.20 195.20
SOTE % 17.41 17.22 15.73 15.43 15.76 16.04
SOTE %/m 5.18 5.13 4.68 4.59 4.69 4.77
Lane 1 - Zone 2 - High air flow rate 2620 Nm3/h
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Probe number 1 2 3 4 5 6
Air Rate m3/h 355.39 355.39 355.39 355.39 355.39 355.39
Atmos Temp °c 4 4 4 4 4 4
Atmos Pressure mbar 988 988 988 988 988 988
Relative Humidity % 83 83 83 83 83 83
Part Press WaterVap mmHg 6.681 6.681 6.681 6.681 6.681 6.681
Water Temp °C 5.3 5.3 5.3 5.3 5.3 5.3
Alpha Factor 1 1 1 1 1 1
Beta Factor 1 1 1 1 1 1
Kla measured 3.6 3.744 3.816 3.996 3.816 3.96
Kla20 5.10 5.31 5.41 5.66 5.41 5.61
Kla 20 alpha corrected 5.10 5.31 5.41 5.66 5.41 5.61
Csat measured 13.95 14.2 13.99 13.9 13.89 13.87
Csat20 10.24 10.42 10.27 10.20 10.20 10.18
Csat20 Beta corrected 0.00 0.00 0.00 0.00 0.00 0.00
Volume m3 (Fixed) 314.09 314.09 314.09 314.09 314.09 314.09
Depth of plant 3.36 3.36 3.36 3.36 3.36 3.36
Measured kW 4.588 4.588 4.588 4.588 4.588 4.588
SOTR kg/h 16.41 17.37 17.44 18.15 17.32 17.95
SAE kg 02/kWh 3.58 3.79 3.80 3.96 3.77 3.91
Oxygen Supplied kg/h 98.30 98.30 98.30 98.30 98.30 98.30
SOTE % 16.69 17.67 17.74 18.46 17.62 18.26
SOTE %/m 4.97 5.26 5.28 5.49 5.24 5.43
Lane 1 - Zone 2 - Medium air flow rate 1320 Nm3/h
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Probe number 1 2 3 4 5 6
Air Rate m3/h 242.31 242.31 242.31 242.31 242.31 242.31
Atmos Temp °c 4 4 4 4 4 4
Atmos Pressure mbar 989 989 989 989 989 989
Relative Humidity % 87 87 87 87 87 87
Part Press WaterVap mmHg 6.681 6.681 6.681 6.681 6.681 6.681
Water Temp °C 5.3 5.3 5.3 5.3 5.3 5.3
Alpha Factor 1 1 1 1 1 1
Beta Factor 1 1 1 1 1 1
Kla measured 2.844 2.916 2.664 2.844 2.772 2.736
Kla20 4.03 4.13 3.78 4.03 3.93 3.88
Kla 20 alpha corrected 4.03 4.13 3.78 4.03 3.93 3.88
Csat measured 14.1 14.33 14.07 13.89 13.73 13.83
Csat20 10.34 10.51 10.32 10.19 10.07 10.14
Csat20 Beta corrected 0.00 0.00 0.00 0.00 0.00 0.00
Volume m3 (Fixed) 314.09 314.09 314.09 314.09 314.09 314.09
Depth of plant 3.36 3.36 3.36 3.36 3.36 3.36
Measured kW 3.3 3.3 3.3 3.3 3.3 3.3
SOTR kg/h 13.09 13.64 12.23 12.89 12.42 12.35
SAE kg 02/kWh 3.97 4.13 3.71 3.91 3.76 3.74
Oxygen Supplied kg/h 67.00 67.00 67.00 67.00 67.00 67.00
SOTE % 19.54 20.36 18.26 19.24 18.54 18.43
SOTE %/m 5.81 6.06 5.43 5.73 5.52 5.49
Lane 1 - Zone 2 - Low air flow rate 900 Nm3/h
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Zone 3 Results
Probe number 1 2 3 4 5 6
Air Rate m3/h 395.76 395.76 395.76 395.76 395.76 395.76
Atmos Temp °c 9 9 9 9 9 9
Atmos Pressure mbar 996 996 996 996 996 996
Relative Humidity % 77 77 77 77 77 77
Part Press WaterVap mmHg 6.87 6.87 6.87 6.87 6.87 6.87
Water Temp °C 5.73 5.73 5.73 5.73 5.73 5.73
Alpha Factor 1 1 1 1 1 1
Beta Factor 1 1 1 1 1 1
Kla measured 3.17 2.99 2.952 3.1 3.28 3.24
Kla20 4.45 4.19 4.14 4.35 4.60 4.54
Kla 20 alpha corrected 4.45 4.19 4.14 4.35 4.60 4.54
Csat measured 12.84 13.21 13.21 13.31 13.26 13.01
Csat20 9.46 9.73 9.73 9.80 9.77 9.58
Csat20 Beta corrected 0.00 0.00 0.00 0.00 0.00 0.00
Volume m3 (Fixed) 314.09 314.09 314.09 314.09 314.09 314.09
Depth of plant 3.36 3.36 3.36 3.36 3.36 3.36
Measured kW 5.44 5.44 5.44 5.44 5.44 5.44
SOTR kg/h 13.21 12.82 12.66 13.39 14.12 13.68
SAE kg 02/kWh 2.43 2.36 2.33 2.46 2.59 2.51
Oxygen Supplied kg/h 109.51 109.51 109.51 109.51 109.51 109.51
SOTE % 12.06 11.71 11.56 12.23 12.89 12.49
SOTE %/m 3.59 3.48 3.44 3.64 3.84 3.72
Lane 1 - Zone 3 - High air flow rate 1682 Nm3/h
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Probe number 1 2 3 4 5 6
Air Rate m3/h 199.1 199.1 199.1 199.1 199.1 199.1
Atmos Temp °c 9 9 9 9 9 9
Atmos Pressure mbar 997 997 997 997 997 997
Relative Humidity % 73 73 73 73 73 73
Part Press WaterVap mmHg 7.013 7.013 7.013 7.013 7.013 7.013
Water Temp °C 5.95 5.95 5.95 5.95 5.95 5.95
Alpha Factor 1 1 1 1 1 1
Beta Factor 1 1 1 1 1 1
Kla measured 1.836 1.836 1.764 1.8 1.872 1.8
Kla20 2.56 2.56 2.46 2.51 2.61 2.51
Kla 20 alpha corrected 2.56 2.56 2.46 2.51 2.61 2.51
Csat measured 12.59 12.94 13.13 13.04 12.83 12.83
Csat20 9.32 9.58 9.72 9.65 9.50 9.50
Csat20 Beta corrected 0.00 0.00 0.00 0.00 0.00 0.00
Volume m3 (Fixed) 314.09 314.09 314.09 314.09 314.09 314.09
Depth of plant 3.36 3.36 3.36 3.36 3.36 3.36
Measured kW 2.588 2.588 2.588 2.588 2.588 2.588
SOTR kg/h 7.50 7.71 7.51 7.62 7.79 7.49
SAE kg 02/kWh 2.90 2.98 2.90 2.94 3.01 2.90
Oxygen Supplied kg/h 55.10 55.10 55.10 55.10 55.10 55.10
SOTE % 13.61 13.99 13.64 13.82 14.14 13.60
SOTE %/m 4.05 4.16 4.06 4.11 4.21 4.05
Lane 1- Zone 3 - Med air flow rate 845 Nm3/h
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Probe number 1 2 3 4 5 6
Air Rate m3/h 135.3 135.3 135.3 135.3 135.3 135.3
Atmos Temp °c 10 10 10 10 10 10
Atmos Pressure mbar 991 991 991 991 991 991
Relative Humidity % 93 93 93 93 93 93
Part Press WaterVap mmHg 6.681 6.681 6.681 6.681 6.681 6.681
Water Temp °C 5.3 5.3 5.3 5.3 5.3 5.3
Alpha Factor 1 1 1 1 1 1
Beta Factor 1 1 1 1 1 1
Kla measured 1.296 1.296 1.152 1.224 1.224 1.26
Kla20 1.84 1.84 1.63 1.73 1.73 1.79
Kla 20 alpha corrected 1.84 1.84 1.63 1.73 1.73 1.79
Csat measured 12.65 13.4 13.69 13.31 13.29 12.96
Csat20 9.26 9.81 10.02 9.74 9.73 9.48
Csat20 Beta corrected 0.00 0.00 0.00 0.00 0.00 0.00
Volume m3 (Fixed) 314.09 314.09 314.09 314.09 314.09 314.09
Depth of plant 3.36 3.36 3.36 3.36 3.36 3.36
Measured kW 1.844 1.844 1.844 1.844 1.844 1.844
SOTR kg/h 5.34 5.66 5.14 5.31 5.30 5.32
SAE kg 02/kWh 2.90 3.07 2.79 2.88 2.87 2.88
Oxygen Supplied kg/h 37.39 37.39 37.39 37.39 37.39 37.39
SOTE % 14.28 15.13 13.74 14.19 14.17 14.23
SOTE %/m 4.25 4.50 4.09 4.22 4.22 4.23
Lane 1 - Zone 3 - Low air flow rate 575 Nm3/h
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1. Introduction
This revised research program is the outcome of the 24 month viva held at Runnymede 
Campus of Brunei University on 27*  ^ October 1998 with Prof. Clift and Prof. Allen. 
Subsequent discussions have been held with both academic and industrial supervisors, along 
with brief literature review in order to address the areas of concern.
Among these was the apparent lack of any link between the theory and mechanisms of 
oxygen transfer and the operational variables under investigation. It was recommended that It 
would be beneficial to elucidate the role of processes occurring during bubble formation and 
rise (see appendix 1). It is proposed that the following modifications to the current 
experimental program be made in order to accommodate the examiners recommendations.
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2. The Separation of ‘Kl’ and ‘a’
In order to examine the fundamental mechanisms occurring during bubble formation at the 
diffuser, it is necessary to separate the clumped parameter of the mass transfer product, kua, 
into its component parts of the liquid mass transfer coefficient, ku, and the specific interfacial 
area, a. By undertaking the simultaneous measurement of both bubble size distribution and 
the volumetric hold up of the dispersed phase it is possible to calculate the specific interfacial 
area available for mass transfer to occur across. The separation of the liquid film mass 
transfer coefficient, kt. and the specific interfacial area, a, will enable the effects of air flow 
rate and depth upon these parameters to be examined in greater detail. This will enable the 
role of the diffuser, and in particular its material, with regard to oxygen transfer at bubble 
formation to be quantified.
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3. Determination of Bubble Size Distribution, bd
There are several techniques available for the determination of the bubble size, all with 
advantages and disadvantages.
3.1 Optical Techniques
Optical techniques employing high speed photography are a proven and well established 
method of determining bubble size distributions within clear, low density, two phase systems. 
Their disadvantages are that they take a relatively small sample size for analysis and thus are 
not always representative and they are unsuitable for use in turbid liquids or systems with a 
high bubble density such as a fine bubble diffuser.
3.2 Electrical conductivity probes
The principle of the differing electrical conductivity’s between dispersed phases can be 
utilised to determine the bubble size distribution. The bubbles are punched by the 
conductivity microprobe and the time-dependant course of the electrical conductivity during 
the punching process is conveyed to a recording device. As there is conductivity difference 
between the penetrated bubbie and the surrounding water, the bubbie diameters and the 
upflow velocity of the bubbles can be determined from this measured difference. Knowledge 
of the ratio of bubble diameters enables the bubble size and volume to be determined.
The advantage of the electrical conductivity measurement technique is that the bubble rise 
velocity can be determined, which in turn provides an indication of bubble residence time. 
The disadvantage is that the probes are delicate and are particularly sensitive against 
bending loads. There is a considerable data processing requirement as two systems of 
equations must be solved for each bubble. The ratio of bubbie axis are not well defined for 
cases other than potable water, and considerable work would be required to determine these 
ratios before other liquids could be investigated.
3.3 Acoustic Techniques
Gas bubbles entrained in water or other liquids can generate large sound pressures when 
excited by external forces. It is well documented that a relationship exists between the 
frequency of the volume pulsation of the bubbie and the bubble radius at a particular static 
pressure. Thus, the number of bubbles with a given radius can be determined from the 
measurement of frequency and amplitude of pressure fluctuations generated by excited 
bubbles.
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The use of acoustic techniques has several advantages. The technique, as it does not rely 
upon optics, Is suitable for use in opaque liquids. The hydrophone required to undertake the 
sound pressure measurements is small but robust and thus provides the minimum system 
perturbation whilst giving the greatest flexibility with regard to location and environment. The 
data capture and processing techniques utilised by this method also mean that a 
comparatively large sample can be taken at any one time, thus providing a good indication of 
the bubble size distribution. The disadvantages of acoustic techniques at present are the cost 
of such equipment, due to its developmental nature, is high (around £10k).
At the time of writing, a scoping study into the feasibility of using acoustic techniques has 
been agreed with Dept, of Food Science at Reading University. This will examine the 
applicability of acoustic techniques to detect changes in the bubble size distribution with 
changes in the process variables of diffuser type, airflow rate, depth of submergence and 
contaminant level. This work will be conducted at bench-scale.
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4. Determination of the Voiumetric Gas Hoid Up, V.
The volumetric gas hold-up of the dispersed phase can be found from determining the change 
in volume in the water level from quiescent conditions compared to a specific airflow. The 
change in volume represents the total gas volume within the liquid medium.
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5. Modifications to the Investigations of the Effects of 
Depth, Diffuser Type and Airflow
It proposed to examine the relationships of diffuser type and airflow at much lower depths of 
submergence than previously considered. Depths of submergence as low as possible 
(probably down to 0.5m) will be studied.
As the depth of submergence tends to zero, it is hoped that the contribution of oxygen 
transfer during bubble formation to kta will become more apparent. If it is found that the 
relationship between kua and depth of submergence is linear as the depth of submergence 
tends towards zero, then it may be deduced that the contribution of the process of bubble 
formation at the diffuser to oxygen transfer is important. If there is a significant change in the 
relationship with decreasing depth, then the contribution of bubble formation to oxygen 
transfer can be said to be significant. If the relationship is found to be significant, then 
attempts will be made to quantify the contribution and how it changes with differing values of 
the process variable being investigated.
The risks involved with undertaking experimentation down to very low depths of submergence 
are that the hydrodynamic regime at the diffuser may be different to operational depths. The 
contribution of oxygen transfer during surface rupture may also become significant. In order 
to minimise this, it is proposed to cover the surface with a blanket of small plastic balls to 
isolate the liquid surface from the atmosphere as so far as possible. Due to the small 
volumes of test liquid that will be used during the tests at low depths, the response speed of 
the dissolved oxygen sensors may well be the limiting factor that determines the lowest depth 
to be studied.
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Appendix 1
Examiners Recommendations
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ilfversity 
I  Surrey
8 January 1999
Adrian Mercer
Thames Water Utilities
Group Research and Development
Spencer House
Manor Farm Road
Reading, Berks, RE2 OJN
Dear Adrian
Thank you for the supplement to your 2nd year dissertation. Professor Allen and I are both of the 
view that you have done what we asked you to do, in amplifying your work programme to ensure 
that the generic implications of your work are brought out. My only comments are;
1. To suggest that you should not hope for too much from electrical conductivity 
measurements: bubbles with heavily contaminated interfaces tend not to be penetrated by this 
type of probe. Hence, even if you can get measurements using the technique, there will be a 
question of how representative the measurements are.
2. I do not know at first hand, but I would guess that there might be some question over the 
response of bubbles with heavily contaminated interfaces to acoustic signals - the theory 
assumes fully mobile "clean" interfaces.
3. You might be best off if you can check the acoustic technique against optical 
measurements in a transparent but contaminated system, and then use it for the more "messy" 
practical systems. This would give me at least more confidence in the results.
4. Say "hi" from me to the people at Reading. Good choice - they know what they are doing!
5. Bear in mind that bubble size and holdup are related by the mean bubble rise velocity 
(see e.g. "One Dimensional Two-phase Flow" by G B Wallis). If the bubbles are rigid (which they 
are in aqueous systems, unless you go to amazing lengths to remove surface contaminants - see 
"Bubbles, Drops and Particles" and close to spherical, they you can estimate the rise velocity 
quite reliably. Hence you will have a further check on the measurements.
6. As regards the effect of depth, the real issue is not whether the variation is linear as 
whether there is evidence for an intercept as depth goes to zero. John Smith knows as 
much as anyone about transfer during surface rupture - so you should be "in good 
hands".
Typographical error on line 6, paragraph 5, page 3, 'UNimportant'
We look forward to seeing tfie results of wfiat promises to be a very interesting and widely 
applicable piece of work.
Yoyrs^sincerbly
AO Roland Clift QBE FEng FIChemE 
I \  ProfessorW environmental Technology
Director or^e]Centre for Environmental Strategy
c.c. Mr Steve Williams/Mr Peter Pearce 
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Executive Summary
It is estimated that approximately 50% of the wastewater that is given aerobic biological 
treatment in the United Kingdom receives treatment in activated sludge plants. The activated 
sludge process is a method of treating biodegradable wastewater by aerating and agitating 
the liquid in admixture with activated siudge, otherwise known as mixed liquor. The activated 
sludge is subsequently separated from the treated effluent by settlement.
In the activated sludge process aeration serves two functions; it supplies dissolved oxygen to 
satisfy the respiratory demands of the microbial population and maintains the mixed liquor 
suspended solids in suspension.
The rate at which oxygen is transferred into solution by an aeration device, and the amount of 
energy used during the process will effect the efficiency and hence the cost of treatment. Due 
to the financial implications of an under-performing system it is common practice within Europe 
for the aeration capacities of new aeration equipment to be specified as the oxygen transferred to 
clean water under standard conditions. It is often impractical to use clean water for an aeration 
test, hence it is common for final effluent to be used instead. It is therefore important that the 
derived oxygenation capacity from the final effluent test is related to the specific clean water 
value in order to evaluate the system performance and to determine contractual compliance.
There often exists a difference in wastewater oxygenation capacity compared to that of 
potable water under the same conditions. This reduction is due to the presence of 
mechanisms that inhibit the oxygen transfer process. This inhibition of oxygen transfer within 
wastewater is characterised by the alpha factor. There are a number of variables, be they 
physical, chemical or biological, that are believed to contribute towards the alpha factor. The 
remit of this research project is to undertake investigations in order to develop an 
understanding of how these complex interactions combine to cause the alpha factor, and if 
possible, to find methods of mitigating these effects.
An increased knowledge of the variables that contribute towards the alpha factor will provide 
important information to the designers and operators of wastewater treatment plants, thus 
enabling improvements in the energy efficiency and effluent quality of such plants to be 
achieved.
A series of full-scale aeration tests have been undertaken to gain an insight into the process 
and gain an understanding of the difficulties and the limitations of current methods. A 
comprehensive literature review of the subject field has been performed and is reported in the 
24 month report. From the literature it was concluded that the goal of proper alpha factor 
evaluation must be the elimination of all spurious phenomena in order to leave the alpha 
factor for a particular system, dependent only upon wastewater characteristics.
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Following the literature review, a research objective was formulated, and a detailed 
methodology of how this is to be achieved is presented within the 24 month report and 
progress of which is described herein.
A test rig has been designed and built to determine the relative oxygen transfer performance 
of various fine bubble diffusers. This will enable informed decisions regarding the long-term 
replacement program for existing diffusers to be taken. This work has also provided a series 
of benchmark, clean water data that will provide a reference with against which future work 
may be compared.
Experimental work into the effects of depth, air flow, and diffuser type with regard to the 
inhibition of oxygen transfer is being undertaken. Knowledge of the effects of scale upon 
these variables will enable the development of a portable alpha test that can be scaled-up to 
accurately predict alpha factors for full-scale equipment. This work will then enable the 
different parameters within the activated sludge process to be studied in order to gain an 
insight into how each variable effects the inhibition of oxygen to wastewater.
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1. Project Rationale
The European Directive on urban wastewater of May 21®* 1991 (Directive 91/271/EEC) requires, 
by 31®* December 2000, the connection of wastewater to a coliection system for all communities 
of over 15,000 Population Equivalents (PE). This collected wastewater is required to undergo 
treatment within a wastewater treatment facility to a specified standard. The treatment processes 
are also required to provide improved effluent quality and greater reliability. These improved 
standards will be enforced by monitoring. After 2005, these conditions will apply to communities 
of over 2,000 PE.
The application of this directive to the member states of the European Union will require 
considerable investments over the next 10 years, assessed at 63 billion ECU’s for Germany, 12 
billion ECU’s for France and 7.2 billion ECU’s for England and Wales. To meet the specifications 
of the directive, hundreds of wastewater treatment plants will therefore have to be built or 
upgraded throughout Europe.
The majority of wastewater treatment facilities are biological treatment plants, in which bacterial 
cultures degrade the organic matter of the wastewater to transform it into new bacteria, (excess 
sludge is periodically extracted from the reactor), carbon dioxide and water. In order for these 
biological systems to operate effectively, oxygen has to be provided to the aerobic bacteria via 
aeration systems.
The aeration system is a key component of the aerobic biological sewage plants for two main 
reasons;
• the quality of the wastewater treatment is directly linked to a sufficient input of oxygen,
• aeration accounts for 60-80% of the energy consumed by the majority of such installations.
One of the contributory factors for the overall efficiency of aeration systems is the rate at which 
oxygen is transferred into solution by the aeration device (porous diffusers, surface aerators, 
etc.). This has a direct effect upon the amount of energy consumed during the process and the 
subsequent costs incurred.
Due to the financial implications of an under-performing system it is common practice within 
Europe for the aeration capacities of new aeration equipment to be specified as the oxygen 
transferred to clean water under standard conditions. It is usually impractical to use clean water 
for an aeration test, hence it is common for final effluent to be used instead. It is therefore 
important that the derived oxygenation capacity from the final effluent test is related to the 
specific clean water value in order to evaluate the system performance and to determine 
contractual compliance.
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There often exists a discrepancy in the performance of aeration equipment within final effluent 
compared to that in clean water. This difference is characterised by the alpha factor. The alpha 
factor may be defined as the ratio between the performance of an aeration system, in terms of 
oxygen transfer, in a wastewater and its performance under the same conditions within clean 
water.
There are a number of factors that are believed to contribute to the alpha factor. Investigations 
are to be undertaken to develop an understanding of how these factors interact to inhibit the 
process of oxygen transfer to wastewater.
The overall objective of the research is to develop in the laboratory and to validate in operational 
plants, methods for the measurement of the oxygenation performance of aeration systems. 
These methods should be applicable for wastewater works, in dean water on the one hand 
(commissioning of the plants prior to start-up), and in the presence of biological cultures on the 
other hand (dirty water testing).
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2. Progress to Date
2.1 Clean Water Data Collection
The collection of clean water data was suspended whilst the unexpected relationships found 
within the data analysed so far were examined, it was observed that there was a significant 
difference in kLa2o values of the dissolved oxygen sensors, depending upon their depth of 
submergence. The general trend was the deeper the sensor, the lower the kua2o value for the 
system (I.e. corresponding diffuser, airflow, and diffuser depth of submergence).
This differential was observed to increase as the distance between sensors increased (I.e. the 
depth of diffuser submergence increased). It was proposed that this increase in kLa2o value with 
decreasing sensor depth could be attributed to the increasing interfacial area for a specific 
volume of air, in the form of a discrete number of bubbles, rises through the system. During
bubble formation at a given depth, the bubbles will be subjected to a particular hydrostatic
pressure. This pressure will decrease linearly as the effective depth of the bubble decreases as 
it rises through the liquid. As the hydrostatic pressure decreases, the bubble will expand to 
maintain pressure equilibrium, thus increasing the interfacial area. This percentage change in 
area Is proportional to the change in hydrostatic pressure and independent of bubble size.
For the limited data examined so far, it has been found that the theoretical increase in interfacial 
area as calculated from assuming polytropic expansion of spherical bubbles shows excellent 
agreement with the differences in kLa2o values for sensors at different depths of submergence. 
At present, this relationship is being examined further in order to provide corroborative evidence.
If the relationship between depth of submergence of the sensor, kL32o value and percentage 
change in interfacial area is found to hold true, then it may have several implications. As the 
relationship can be determined for clean water conditions, and the relationship between 
hydrostatic pressure and change in interfacial area will apply to all conditions, any variation for 
the clean water relationship in a contaminated system ( i.e. in the presence of surfactants) can be 
attributed to changes in the liquid film resistance I<l with respect to depth of submergence. Such 
a correlation would enable the impact of particular contaminants upon the liquid film resistance 
as the bubble rises through the liquid to be determined. Thus it has the potential to provide the 
capability of separating the lumped parameter of liquid film resistance, ku, and the interfacial 
area, a, into their separate components without having to undertake the difficult task of 
determining the bubble size distribution.
If the relationship is found to hold true, then it also raises the issue of where is the correct 
position within an aeration system to measure kLa2o- It would suggest that there is a requirement 
to correct any kLa2o value measured within a particular system to some common datum, probably 
the liquid surface, to enable valid comparisons for different systems to be made. Such a
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procedure is not currently undertaken, and as such would require a substantial change to current 
standards and practices in order to be accommodated.
Another proposition as to the anomalies within the kuazo values for different sensors is that they 
may be due to the mixing characteristics of the bubble column. At present, it Is assumed that a 
plug flow regime exists within the bubble column, but this assumption may be incorrect. In order 
to confirm the mixing regime within the system, it is intended to perform a series of mixing tests to 
determine the dispersion numbers for the system under differing operating conditions.
2.2 Effect of Surfactants upon Bubble Formation
It was highlighted in the 24 month viva that there was a requirement to gain an understanding 
of the bubble formation process and how it is effected by different process conditions. It has 
been decided that this work will be conducted as an MSc research project with myself 
overseeing the work. At this time a suitable candidate has been selected, and an initial 
project defined which is currently undergoing refinement. The project is due to run from the 
beginning of June until mid August and will be based, in the main, in the department of 
Chemical Engineering at the University of Surrey.
The project will utilise photographic and high-speed video techniques to elucidate the role of 
diffuser materials in the process of bubble formation with and without the presence of 
surfactants.
2.3 Life Cycle Assessment of Fine Bubble Diffusers
Work upon an LCA of fine bubble diffusers in conjunction with Fiona Dennison, a fellow 
research engineer, is continuing. The purpose of the project is to evaluate the impact of the 
various generic fine bubble diffusers available over a 25 year operational life. The initial 
scoping report has been completed (see appendix 1) and following its recommendations, a 
research program has been formulated in order to obtain the necessary operational data that is 
required to complete the study. There is to be a dual approach to the data collection. On the 
one hand, the necessary equipment has been installed in a recently refurbished aeration lane. 
This equipment will enable the system back-pressure to be monitored over time, to provide an 
indication of the rate of fouling of the diffusers, and hence their performance over time.
The second approach to obtaining data upon the performance of fine bubble diffusers over time 
is to be the installation of a number of diffuser test rigs at different sites. These test rigs, each 
equipped with 3 ceramic and 3 plastic diffusers, are to be installed in a variety of plants with 
differing process configurations and loading conditions. The rigs have been designed so that the 
system back pressure and the dynamic wet pressure of each individual diffuser can be monitored
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in-situ. Prior to installation, each type of diffuser being utilised will also be characterised for its 
clean water oxygen transfer capabilities, and its physical and chemical properties. The test rigs 
have been designed for ease of installation and removal, to enable periodic evaluation of the 
installed diffusers. This work is being carried out as part of a collaborative research program in 
conjunction with the University of Sheffield and several other UK water utilities.
It is hoped that this work will provide an insight into the nature, extent and causes of fouling that 
occurs to fine bubble diffusers and also an indication of the impact of fouling on oxygen transfer 
performance over time.
2.4 General Progress and Implications upon Future Work
The requirement to Investigate the anomalies observed within the data has led to a delay in the 
progress of the project. However, it is regarded as essential that these relationships are 
investigated, and their causes understood, in order to gain a true understanding of the processes 
that are occurring within the system. Despite the delays incurred, at this time it is still expected 
that the all of the project objectives can be met In the remaining time.
As discussed in the project plan included in the 24 month report, it is intended that the results 
from the current work will enable a decision to be taken on the feasibility of developing a 
portable alpha test. At this stage two possible directions for the research exist.
If the development of a portable alpha test is feasible, then the work will focus upon its 
design, and methodology, prior to commissioning the test procedure. If found to produce 
reliable and repeatable data, the test will be used to profile alpha values at operational sites 
with respect to degree of treatment and variations against time. It is intended that such a 
profile would be accompanied with a detailed analysis of wastewater characteristics, and 
monitoring of process configuration and operational conditions. Such data would then be 
used to identify key variables that showed a relationship to alpha and changes within it. The 
information gained from such research would then be used to input into an interactive matrix 
to summarise the cause and effect of the different process variables upon alpha.
If the development of a portable alpha test is not found to be possible, the alternative 
research direction would be based upon the development of a batch operated pilot-scale 
activated sludge plant. Such a plant would be capable of continuous monitoring of the 
steady-state of oxygen transfer using proven technology. The influent wastewater, along with 
the process configuration and operational variables could then be controlled and their effect 
upon the steady-state conditions evaluated. Once again, a detailed analysis of all variables 
would be performed in order to identify trends that influence alpha. The results from such a 
study would also be used to input into the proposed interactive matrix.
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The final stage of the research project will be the validation and scoring of the interactive 
matrix in order to identify the key variables that impact upon oxygen transfer to wastewaters. 
It is hoped that the outcome of the research will provide recommendations and guidelines on 
how to improve oxygen transfer via fine bubble diffused aeration systems from a design, 
operation and maintenance perspective.
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3. Future Work
For the forthcoming six months It is intended that the work package will consist of the 
following activities:
Attendance of forthcoming EngD modules and the submission of relevant coursework. 
Continuation of expérimentai program outlined in 24 month report.
Continuation of diffuser fouling programme.
Management of MSc project and student.
Submission of literature review paper to recognised journal.
Completion of EngD conference paper.
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4. Events; Past & Forthcoming
4.1 EngD Modules Attended :
Risk Management 5-9^ "^  October 1998, Surrey.
Environmental Economics 15-17“  ^March 1999, Surrey.
4.2 Forthcoming Events:
EngD Conference 15-16*^ September 1999, Surrey
4.3 EngD Modules:
Materials 12-16^ "^  July 1999, Brunei
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Aeration
the need for comprehensive data collection
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Abstract
The objective of this report is to highlight the knowledge gaps that currently exist over the 
operational life and the associated performance of fine bubble diffused aeration units 
employed in the activated sludge process for the treatment of wastewater.
The activated sludge process and the importance of aeration are introduced and the 
associated financial costs incurred by Thames Water Utilities Ltd. are highlighted. It is 
demonstrated that the efficient operation of aeration units is key to reducing the costs of 
wastewater treatment.
A case study, appiying Life Cycle Assessment (LCA) to quantify the environmental impacts 
associated with the aeration process, is introduced. The shortfalls in current operating data, 
as highlighted by this study, are discussed, along with shortfalls in the current aeration unit 
procurement process.
A decision-making tool is proposed that will enable the capital procurement process to 
incorporate the long term operating costs and environmental burdens of different aeration 
units. This should ensure effective aeration at reduced operating costs.
Current shortfalls In the availability of operational data highlight the need for the formulation of 
a data collection programme, for which support and funding is sought and suitable methods 
proposed.
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1. Introduction
The activated sludge process is a method of treating biodegradabie wastewaters by aerating 
and agitating the liquid in an admixture with activated sludge, producing mixed liquor. The 
activated sludge is subsequently separated from the treated effluent by settlement. It is 
estimated that approximately 50% of the sewage that is given aerobic biological treatment in 
the United Kingdom receives treatment in activated sludge plants (CIWEM, 1997).
In the activated sludge process, the aeration system serves two functions; it supplies 
dissolved oxygen to satisfy the respiratory demands of the microbial population, and 
maintains the mixed liquor suspended solids in an agitated state of suspension. This is 
achieved either using air diffusion or mechanical aeration. This study is concerned with the 
performance of fine bubble diffused aeration. The various generic types of fine bubble 
diffuser are discussed in section 2 .
One of the contributory factors for the overall efficiency of aeration systems is the rate at which 
oxygen is transferred into solution by the aeration device (porous diffusers, surface aerators, 
etc.). This has a direct effect upon the amount of energy consumed during the process and the 
subsequent financial costs incurred for treatment which are presented in section 3.
Any degradation in the performance of diffusers will have a significant effect upon the total 
cost of treatment. To ensure efficient operation of the diffusers it is critical that the 
mechanisms dictating this performance are clearly understood. This is discussed further in 
section 6 , in relation to the current shortfall of data in this field.
When choosing an aeration system the key decision-making criteria should include the 
operational energy consumption. Over time the energy consumption is dependent upon the 
performance characteristics of the diffusers which in turn is affected by the degree of fouling 
of the diffuser coupled with the operational regime. Just as operational and financial criteria 
are important, so to are the associated environmental costs of operating the system. These 
environmental costs may be quantified through the application of LCA. The case study, 
appiying LCA to the operation of diffusers, which highlighted the significant data gaps in this 
area, is introduced in section 4.
The current procurement process for diffusers is outlined in section 5. Section 6  discusses 
the shortfall of data in this field and section 7 outlines possible approaches to data collection. 
An assessment tool for effective decision-making is proposed in section 8 , recommendations 
are made in section 9 and conclusions drawn in section 10.
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2. Fine Bubble Diffused Aeration
Aeration and mixing are effected by supplying air directly to the treatment unit and releasing it 
into the mixed liquor as streams of bubbles. As the bubbles rise to the surface oxygen 
transfer takes place, and circulation currents are set up which promote mixing and prevent the 
settlement of solids.
Clean air under pressure is passed through porous diffusers placed at the bottom of the 
treatment unit producing bubbles with an average diameter of 2mm. Various materials have 
been used in the manufacture of porous diffusers. These generally fall into the categories of 
either rigid ceramic and plastic materials, or flexible rubber membranes.
2.1 Ceramic Materials
The oldest and most common type of materials on the market is the ceramic type. It consists 
of rounded or irregular shaped mineral particles, sintered together to produce a network of 
interconnecting passageways through which compressed air flows. As the air emerges from 
the surface pores, pore size, surface tension and airflow rate Interact to produce a 
characteristic bubble size. Early designs of ceramic diffusers used silica. Today, the majority 
of ceramic diffusers being marketed are manufactured from aluminium oxide.
2.2 Plastic Materials
A more recent development is the use of porous plastic materials. As with the ceramics, a 
material is created which consists of numerous interconnecting channels or pores through 
which compressed air can pass. Claimed advantages of plastic material over aluminium 
oxide are its lighter weight, lower cost, better durability and greater resistance to breakage. 
Disadvantages include its reduced strength and susceptibility to creep. Porous plastics are 
manufactured from thermoplastic polymers, the two most common types in use being high- 
density polyethylene (HDPE) and styrene-acrylonitrile (SAN).
2.3 Flexible Membranes
Flexible membranes consist of a thin sheath made from soft plastic or synthetic rubber. Air 
passages are created by punching minute slots or holes in the membrane material. When the 
air is turned on, the membrane expands and each slot acts as a variable aperture; the higher 
the airflow rate, the greater the opening. A tubular or disc frame supports the membrane 
material. Like porous plastic media, flexible membranes offer the advantage of being 
lightweight with the added bonus of closing orifices to prevent ingress of wastewater when the 
airflow is interrupted. The disadvantages of flexible membranes are that due to their relative
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novelty, little is known about their performance over time. Initial teething problems of creep 
and brittleness are believed to have been overcome, but have yet to stand the test of time.
2.4 Performance of Diffusers
Due to the financial implications of an under-performing system it is common practice within 
Europe for the aeration capacities of new equipment to be specified as the oxygen transferred to 
clean water under standard conditions.
To verify the performance of a newiy installed system, clean water non-steady state performance 
testing is usually undertaken as part of the commissioning process. This provides valuable data 
upon the efficiency of the system. Because of this requirement considerable data exists on the 
performance characteristics of new installations. However, once the plant is commissioned, very 
little is known about how different diffusers perform over time under process conditions, and thus 
whether clean water data is truly representative of operational performance. Although attempts 
have been made to determine operational performance, any data collected has been of limited 
use due to its site-specific nature, and questions over the accuracy of data due to the vagaries of 
biological systems.
The performance of any diffuser will vary over time due to factors such as fouling, both air- 
side and liquid-side, age, material degradation, operational and maintenance regime.
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3. Economic Costs of Aeration
Refurbishing the aeration ianes of a 'typical' activated sludge plant, such as Rye Meads STW 
with a population equivalent (PE) of 150,000, costs £127k and is required every seven to 
eight years.
The total electrical energy used by Thames Water in 1997/8 at the 54 sites using the 
activated sludge process (ASP), is 1.650x10®. The process of aeration is energy intensive, 
with over 70% of all power used on an ASP site being consumed by the aeration process,
9equating to 1.155x10 MJ/year. This figure includes all electricity, whether generated on site 
from sludge gas or bought in from the regional electricity supplier. At a notional £0.0366/kWh, 
this amounts to a total cost of aeration for Thames Water of £11.1 m/year, thus every 1% shift 
in efficiency is worth in excess of £0 . 1  m/year.
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4. Assessment of Environmental Costs
Environmental economists advocate that natural systems are multifunctional assets, in the 
sense that the environment provides humans with a wide range of economically valuable 
functions and services:
• a natural resource base (renewable and non-renewabie resources);
• a set of natural goods (landscape and amenity resources);
® a waste assimilation capacity; and,
• a life support system.
These functions and services, listed above, are essential for our current way of life and 
therefore should be maintained. Activities inevitably effect the environment, giving rise to 
environmental costs, such as the depletion of resources or global warming. In effect, the old 
adage is upheld that nothing is free, including the environment, which is often taken for 
granted.
4.1 Life Cycle Assessment
Life Cycle Assessment (LCA) is a quantitative tool to determine the environmental impacts, 
like global warming, associated with a process or a product. As the name suggests the tool 
enables quantification of environmental impacts at each life cycle stage.
For example, the life cycle of carrying out an industrial process like aeration of wastewater 
starts with the extraction and refining of raw materials, which are then transported to the 
manufacturing site for manufacture into diffusers. The diffusers are then transported to the 
user, and the aeration process is operated over a period of time to fulfil the defined function of 
treating wastewater. Finally the plant may be renovated or decommissioned and the diffusers 
will be disposed of.
The approach involves quantifying all the material and energy, inputs and outputs, at each 
stage of the life cycle, in effect achieving a mass balance. This enables the Identification of 
environmental burdens, defined as the consumption of resources and emissions to air, water 
and solid waste. These burdens are then aggregated into a smaller number of impact 
categories, like resource depletion, acidification and global warming potential.
4.2 Case Study
An LCA of the operation of four different fine bubble diffusers is currently being undertaken to 
quantify the associated environmental costs. The diffusers being considered are:
» a porous plastic (HDPE) dome; [Porvair]
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• a porous plastic (PEHD) disc; [Nopon]
• a sintered ceramic disc, [Sanitare]
• a synthetic rubber membrane. [Nopon]
The goal of the study is to assess the environmental impacts arising from the use of 
alternative diffusers over 25 years, during which time the units will be replaced three times in 
accordance with Thames Water policy to re-dome every seven to eight years. Therefore, the 
study is not a full LCA as the initial life cycle stages such as the diffuser manufacture, have 
been excluded. However, as the electricity requirements during the use stage of the life cycle 
of a diffuser are so high, the environmental impacts of manufacture are unlikely to be 
significant in comparison.
During the course of this study a significant data gap in the understanding of diffuser 
performance and therefore the electricity consumption of different diffuser types over time has 
been identified. As this is a key component of the operating life cycle stage of the diffusers, 
and therefore the LCA assessment, this study can not progress further in its original form. 
However, theoretical, as opposed to actual power consumption data will be modelled, giving 
an initial Indication as to the operating impacts of the different diffusers.
Considering the substantial economic costs associated with the electricity use of diffusers, as 
outlined in section 3, the choice of diffuser has the potential to substantially increase the 
financial costs of aeration over its operational life. Therefore, it Is critical that their 
performance over time be determined, and that this is considered when procurement 
decisions are made.
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5. Present Procurement Policy
Procurement of aeration equipment within Thames Water is from the preferred supplier list. 
This list is based upon past experiences and knowledge of the products offered by the various 
manufacturers.
For each capital scheme the preferred suppliers are invited to tender for the supply of 
aeration equipment. The onus is on the suppliers to provide a tender that will meet the 
performance guarantees required at the lowest capital cost. Thus a level playing field is 
provided to all suppliers, and assuming that the performance guarantees are just achieved by 
all bids, then the procurement decision for aeration equipment is based purely upon capital 
expenditure (CAPEX).
Currently, no account is taken of how the performance of specific diffusers deteriorates over 
their lifetime. In fact, at present no accurate predictions exist as to what the operational life of 
a diffuser should be. It is generally regarded that the operational life of a diffuser is 
dependent upon the operational regime, along with site specific conditions like the wastewater 
characteristics.
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6. The Data Shortfall
Within Thames Water the historic experience with different diffusers has been varied. This 
resulted in diffusers being chosen on the grounds of inadequate data, that of familiarity (a 
qualitative measure arising from company culture) and CAP EX. It is suggested that this is not 
in the best interests of TWUL, both in economic and environmental terms.
Thames Water holds considerable data regarding the ciean water performance of diffusers in 
site-specific installations and from diffuser manufacturers. However, due to the difficulties 
involved with the acquisition and present quality of operational data, little is known about the 
performance of diffusers throughout their operational life. In fact, there is no published 
information as to the expected lifetime of particular diffusers. However, current knowledge i
indicates that the greatest influences upon diffuser life are the site specific wastewater I
characteristics and the operational regime (WPCF, 1988).
There have been past attempts to quantify the performance, at various stages over the 
operational life of diffusers. They have been largely unsuccessful due to inherent 
inaccuracies of the monitoring methods employed, and the site-specific nature of the 
investigations (Fisher, 1997). The lack of reliable data has also been compounded by 
inefficient management systems, and where monitoring equipment does exist on site, it has 
not been maintained or the data accurately recorded.
If the long-term efficiency of aeration is to be optimised, and the associated financial and 
environmental costs minimised, the decision-making criteria on which diffusers are chosen 
needs to be extended from only capital expenditure. The authors propose the following 
criteria:
• capital expenditure (CAPEX);
• operational expenditure (OPEX);
• environmental costs; and,
• actual performance characteristics such as the diffuser lifetime.
If these criteria are to be included there is a clear need for data collection in specific areas, 
like the operational performance of diffusers over time. This will require long-term 
commitment and the allocation of resources. However, it is the belief of the authors that if 
data regarding the long-term operational performance of various types of diffusers were 
available, a more informed decision with regard to the “best practical environmental option"
(BPEO) could be reached, and substantial economic savings would result.
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7. Possible Approaches to Data Collection
It is the opinion of the authors that the approach to obtaining the necessary data to fill the 
shortfall in the knowledge gap with regard to diffuser performance over time can be divided 
into two stages.
The first stage should consist of data collection from full-scale, operational sites. In the first 
instance, it would be prudent to ‘catalogue’ the current site, plant and process configurations 
of all the fine bubble diffused air systems within Thames Water. This would enable the 
identification of sites with similar characteristics (depth, loading, process configuration, etc.) 
that are suitable for further study. Once suitable sites have been identified, a suitable 
program will have to be established in order to ensure the standardisation of data. An initial 
search for historic data has shown great variability In data quality. In order to ensure the 
standardisation and quality of data, some Investment may be required In suitable 
instrumentation and data logging equipment at the chosen sites.
The advantage of this full-scale approach is that in the short term it requires the least 
resources, the majority of work being desk study and site investigation. It would also provide 
an opportunity to review how the blower selection impacts upon aeration efficiency. Important 
information about operational and maintenance regimes may also come to light.
The limitation of the full-scale approach is that each site will only have one specific diffuser, 
which is in turn exposed to very site-specific conditions. This may lead to collected data 
being of limited use. The lack of direct control over the process and operational variables 
would also be of concern, but would also reflect the ‘true’ picture.
Any factors that are highlighted by the full-scale investigations could then be investigated in 
greater detail in the controlled environment of the laboratory. A pilot scale program would be 
established where sets of diffusers are exposed to operational and wastewater characteristics 
that are believed to influence diffuser performance. This more detailed approach would have 
the advantage of providing data on a range of diffusers, unlimited by those used in 
operations, which are directly comparable. A pilot program would also allow some of the 
effects of operational variables such as airflow rates, dissolved oxygen levels, organic loading 
and process configuration upon diffuser fouling and thus on diffuser performance to be 
evaluated.
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8. Proposed Assessment Tool
A simple assessment tool is proposed which ensures the incorporation of all relevant criteria 
when choosing a diffuser for installation at a works. The assessment tool consists of a check 
list of criteria to be included in the decision-making process. At this stage not all of the criteria 
may be assessed due to data gaps, see section 6 . However, specific data collection systems 
have been recommended in section 7 to fill these gaps.
The checklist is as follows:
• CAPEX;
• OPEX;
• Environmental operating costs, quantified through application of LCA (section 4.2); and,
• Diffuser performance characteristics.
For each of the above criteria, additional sub-criteria may be identified. For example: with 
regard to environmental operating costs, sub-criteria include resource depletion, acidification, 
ozone depletion, etc. Likewise, with regard to performance characteristics, sub-criteria 
include back-pressure. air flow, power consumption, etc. We propose that each diffuser be 
scored on each of the criteria, and associated sub-criteria, listed above. The diffuser 
displaying the lowest value for each criteria should be awarded a score of 1. The diffuser 
displaying the next lowest value should be awarded a score of 2 , and so on until all of the 
diffusers have been scored against ail of the criteria. The best practical environmental option 
(BPEO) is then identified as the diffuser with the lowest score. We have not proposed a 
weighting of the different criteria, as the authors consider the economic costs to be of equal 
importance as the environmental costs.
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9. Recommendations
It is the opinion of the authors that in order to assess the true costs, both economic and 
environmental, of fine bubble diffused aeration systems there is a requirement for a 
comprehensive data collection and analysis program of diffuser performance over time. In 
the first instance, this should take the form of screening all operational sites to identify those 
suitable for further analysis. Once sites have been identified, a program of iong term data 
collection would be established. Any factors that were found to be influential to the 
performance of diffusers, or factors which were found to be impractical or impossible to 
evaluate at full-scale would then be evaluated in more controlled conditions at pilot-scale. It is 
envisaged that such a methodology would provide valuable information upon how diffuser 
performance varies over time. This information would be used in the construction of the 
proposed assessment tool for the selection of fine bubble diffused aeration systems.
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10. Conclusions
The commencement of an LCA of the long-term operation of diffusers has highlighted the 
need for comprehensive data collection to determine the actual, long-term performance 
characteristics of different fine bubbie diffusers. This information will feed into the proposed 
assessment tool, which will enable a fully informed decision-making approach to be adopted, 
and the identification of the best practical environmental option (BPEO). Such data may 
enable significant economic savings, as every 1 % improvement in efficiency of the aeration 
process is worth over £0.1 m /year to Thames Water.
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Executive Summary
It is estimated that approximately 50% of the wastewater that is given aerobic biological 
treatment in the United Kingdom receives treatment in activated sludge plants. The activated 
sludge process is a method of treating biodegradable wastewater by aerating and agitating 
the liquid in admixture with activated sludge, otherwise known as mixed liquor. The activated 
sludge is subsequently separated from the treated effluent by settlement.
In the activated sludge process aeration serves two functions; it supplies dissolved oxygen to 
satisfy the respiratory demands of the microbial population and maintains the mixed liquor 
suspended solids in suspension.
The rate at which oxygen is transferred into solution by an aeration device, and the amount of 
energy used during the process will effect the efficiency and hence the cost of treatment. Due 
to the financial implications of an under-performing system it is common practice within Europe 
for the aeration capacities of new aeration equipment to be specified as the oxygen transferred to 
clean water under standard conditions. It is often impractical to use clean water for an aeration 
test, hence it is common for final effluent to be used instead. It is therefore important that the 
derived oxygenation capacity from the final effluent test is related to the specific dean water 
value in order to evaluate the system performance and to determine contractual compliance.
There often exists a difference in wastewater oxygenation capacity compared to that of 
potable water under the same conditions. This reduction is due to the presence of 
mechanisms that inhibit the oxygen transfer process. This inhibition of oxygen transfer within 
wastewater is characterised by the alpha factor. There are a number of variables, be they 
physical, chemical or biological, that are believed to contribute towards the alpha factor. The 
remit of this research project is to undertake investigations in order to develop an 
understanding of how these complex interactions combine to cause the alpha factor, and if 
possible, to find methods of mitigating these effects.
A series of full-scale aeration tests have been undertaken to gain an insight into aeration and 
oxygen transfer processes thus gaining an insight into the difficulties and the limitations of 
current methods. A comprehensive literature review of the subject field has been performed 
and is reported in the 24 month report. From the literature it was concluded that the goal of 
proper alpha factor evaluation must be the elimination of all spurious phenomena in order to 
leave the alpha factor for a particular system, dependent only upon wastewater 
characteristics.
Following the literature review, a research objective was formulated, and a detailed 
methodology of how this is to be achieved is presented within the 24 month report and 
progress of which is described herein.
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A test rig has been designed and built to determine the relative oxygen transfer performance 
of various fine bubble diffusers. This will enable informed decisions regarding the long-term 
replacement program for existing diffusers to be taken. This work has also provided a series 
of benchmark, clean water data that will provide a reference with against which future work 
may be compared.
Experimental work into the effects of depth, air flow, and diffuser type with regard to the 
inhibition of oxygen transfer is being undertaken. Measurements of mass transfer product 
{kiazo) obtained for potable water are to be compared to identical measurements taken in an 
aqueous surfactant solution. Observations from this comparison will be validated using final 
effluent.
The impact of surfactants upon the bubble formation process has been investigated. The 
presence of an anionic surfactant was found to significantly change the characteristics of 
bubbles generated from ceramic and HOPE diffusers at the point of bubble formation. Initial 
results suggest that the generic type of diffuser is an important factor in the bubble formation 
process.
Standard oxygen transfer efficiency (SOTE) testing and dynamic wet pressure (DWP) 
measurements have been identified as suitable methods for monitoring the degree of fouling 
of fine bubble diffusers. Test rigs have been installed at operational sites in order to obtain 
data on how diffuser fouling occurs during the lifetime of fine bubble diffusers. This work is 
being performed in collaboration with other UK water utilities.
An Increased knowledge of the variables that contribute towards the alpha factor will provide 
important information to the designers and operators of wastewater treatment plants, thus 
enabling improvements in the energy efficiency and effluent quality of such plants to be 
achieved.
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1. Project Rationale
The European Directive on urban wastewater of May 21®^  1991 (Directive 91/271/EEC) requires, 
by 31®* December 2000, the connection of wastewater to a collection system for all communities 
of over 15,000 Population Equivalents (PE). This collected wastewater is required to undergo 
treatment within a wastewater treatment facility to a specified standard. The treatment processes 
are also required to provide improved effluent quality and greater reliability. These improved 
standards will be enforced by monitoring. After 2005, these conditions will apply to communities 
of over 2,000 PE.
The application of this directive to the member states of the European Union will require 
considerable investments over the next 10 years, assessed at 63 billion ECU's for Germany, 12 
billion ECU’s for France and 7.2 billion ECU’s for England and Wales. To meet the specifications 
of the directive, hundreds of wastewater treatment plants will therefore have to be built or 
upgraded throughout Europe.
The majority of wastewater treatment facilities are biological treatment plants, in which bacterial 
cultures degrade the organic matter of the wastewater to transform it into new bacteria, (excess 
sludge is periodically extracted from the reactor), carbon dioxide and water. In order for these 
biological systems to operate effectively, oxygen has to be provided to the aerobic bacteria via 
aeration systems.
The aeration system is a key component of the aerobic biological sewage plants for two main 
reasons;
• the quality of the wastewater treatment is directly linked to a sufficient input of oxygen,
• aeration accounts for 60-80% of the energy consumed by the majority of such installations.
One of the contributory factors for the overall efficiency of aeration systems is the rate at which 
oxygen Is transferred into solution by the aeration device (porous diffusers, surface aerators, 
etc.). This has a direct effect upon the amount of energy consumed during the process and the 
subsequent costs incurred.
Due to the financial implications of an under-performing system it is common practice within 
Europe for the aeration capacities of new aeration equipment to be specified as the oxygen 
transferred to clean water under standard conditions. It is usually impractical to use clean water 
for an aeration test, hence it is common for final effluent to be used instead. It is therefore 
important that the derived oxygenation capacity from the final effluent test is related to the 
specific clean water value in order to evaluate the system performance and to determine 
contractual compliance.
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There often exists a discrepancy in the performance of aeration equipment within final effluent 
compared to that in clean water. This difference is characterised by the alpha factor. The alpha 
factor may be defined as the ratio between the performance of an aeration system, in terms of 
oxygen transfer, in a wastewater and its performance under the same conditions within clean 
water.
There are a number of factors that are believed to contribute to the alpha factor. Investigations 
are to be undertaken to develop an understanding of how these factors interact to inhibit the 
process of oxygen transfer to wastewater.
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2. Progress to Date
2.1 Clean Water Data Collection
The difficulties outlined in the 30**" month report that resulted in the suspension of the 
collection of the clean water data been overcome. This has led to the re-commencement of 
the data collection program. The project plan has been amended in order to take account of 
the reduced time available for research (see appendix 1 ).
The discrepancies in kua^] values with varying depth was finally attributed to the differing 
driving forces or step changes that were required for the dissolved oxygen concentration to 
move from zero to saturation. This change is dependant upon the depth of submergence and 
hence the partial pressure at the point of measurement.
In order for future data to be suitable for comparative purposes, it has been decided that by 
stating the exact location of the probe in relation to some common datum, i.e. the surface, the 
problems that led to the suspension of the work can be overcome.
Further work is on-going in finding a method of normalising the data to enable the kLa2o value 
from any point to be adjusted for its location to the common datum of the surface.
2.2 Effect of Surfactants upon Bubble Formation
An MSc project was undertaken by Gail Close of the Department of Civil Engineering, 
University of Surrey entitled; The Impact of Surfactants Upon the Bubble Formation Process 
With Respect to Fine Bubble Diffused Aerators. The Abstract of the dissertation is contained 
in Appendix 2.
The findings of this investigation have led to further work in this area. This work program is 
currently being planned and it is intended to link the pllot-scaie studies currently being 
undertaken with the theory presented in the 24 month report.
2.3 Diffuser Fouling Project
The collaborative research program investigating the rates and mechanisms of the fouling of 
fine bubble diffused aeration systems is continuing. Two test rigs have been installed, located 
at Oxford and Henley, and in-situ monitoring of the dynamic wet pressure has commenced. 
At present, data is being collected fortnightly. A sampling program that will determine the 
trends in wastewater characteristics is being run in conjunction with the DWP monitoring.
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Input has also been provided to Thames Water Operations and Process Optimisation with 
regard to the potential fouling of fine bubble diffusers. Investigations into the degree and 
possible causes of fouling of fine bubble diffusers from Aldershot STW is currently on going.
2.4 General Progress and Implications upon Future Work
A paper was submitted and presentation given at the EngD conference entitled: The Fouling 
of Fine Bubble Diffused Aeration Systems, (see appendix 3) the paper summarised the 
scoping study into the suitability of various techniques for the monitoring and characterisation 
of foulants with respect to fine bubble diffusers. This is presented in Appendix 1.
The delays incurred In the collection of the clean water data along with the implications of the 
findings of the investigations into the impact of surfactants upon bubble formation have 
resulted in a review of the future direction of the project and a re-assessment of the 
achievable goals.
As discussed in the project plan included in the 24 month report, it is intended that the results 
from the current work will enable a decision to be taken on the feasibility of developing a 
portable alpha test. Although it is still believed that the current work will provide the 
necessary knowledge to make this decision, there will be insufficient time available to develop 
such a test. It is proposed that the development of such a test should form part of the 
Thames Water R & D program for 2000/2001.
The findings of the investigations into the impact of surfactants upon bubble formation with 
respect to different diffuser materials have resulted in refocusing the direction of the work. It 
has been decided to use the experience and knowledge gained from the MSc project to 
formulate a detailed investigation into the interaction between the diffuser materials, their 
surface properties and the bubble formation process. In order to undertake this work, the 
current experimental test rig will require some modifications. Several small ceramic and 
HDPE diffusers are currently being manufactured and upon completion, half of them will have 
there surface properties altered by receiving a spattered coating of either nickel or gold. The 
same series of experiments, as per the MSc project, will be re-run in potable water and an 
aqueous surfactant solution. It is intended at this point that extensive use will be made of 
digital image analysis and image processing software will be made to characterise the bubble 
shapes, size, frequency and velocities.
It is the intention that the findings of current and future work will be integrated to provide an 
increased knowledge of the performance of fine bubble diffusers, in clean water on the one
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hand and in operational wastewater treatment plants on the other. This new and increased 
knowledge of the oxygen transfer process with respect to activated sludge systems, along 
with an understanding of how it is influenced and affected by process variables, will enable 
the design and operation of wastewater treatment solutions to be optimised and whole of life 
implications to be quantified.
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3. Future Work
For the forthcoming six months it is intended that the work package will consist of the 
following activities:
• Attendance of forthcoming EngD modules and the submission of relevant coursework.
# Continuation of experimental program outlined in Appendix 1.
The Performance of Fine Bubble Diffusers 36 - 250
36 Month Report
4. Events; Past & Forthcoming
4.1 EngD Modules Attended :
Materials 1 2 - ir *  July 1999, Brunei
4.2 Forthcoming Events:
Sensors for Water Interest Group 
DO and aeration control 13**^  October 1999, Bristol
4.3 EngD Modules:
Talking to the Media 
Finance and Marketing
25*'’ - 29**^  October 1999, Surrey.
28**’ February 2000 (Distance Learning)
The Performance of Fine Bubble Diffusers 36 -2 5 1
36 Month Report
Appendix 1
Outstandina Work
EnaD Modules
Talking to the Media Module 2 5 th _ 2 9 th October 99
Talking to the Media coursework Jan f * 00
Finance and Marketing Module 28*'’ February 00
Finance and Marketing coursework 28*'’ February 00
EnaD Reoorts
42 month report f *  April 99
Funding ends 20*'’ September 00
Time Requirement 5 weeks
Column Work
Clean Water
Membrane Data 2  weeks
Gas Hold-Up for Plastic, Ceramic and Membrane 1 week
Deteraent-Added
Ceramic Data 3 weeks
Plastic Data 3 weeks
Membrane Data 3 weeks
Gas Hold-Up for Ceramic, Pastic and Membrane 2  weeks
Contingency 3 weeks
Total Experimental Time 17 weeks
Data Analysis 3 weeks
Time Requirement 2 0  weeks
Any validation with final effluent will require extra time. 4 weeks.
Imoact of Surfactants on Diffuser Materials
Investigate suitability of image analysis 2  weeks
refine photographic technique and protocol 1 week
Manufacture new diffusers and gold-coat 3 weeks (I/H)
Repeat clean water program with new diffusers 1 week
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Repeat detergent added program 
Vary concentration of detergent
2 weeks 
4 weeks
Data Analysis 3 weeks
Time Requirement 16 weeks
Total Time Requirement of Outstanding Work 41 weeks
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Appendix 2
The Impact of Surfactants Upon the Bubble Formation 
Process With Respect to Fine Bubble Diffused Aerators
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Abstract
Fine bubble diffused air systems are widely used as a method of aeration for the aerobic 
biological treatment of wastewater in activated sludge plants. The efficiency at which they 
supply oxygen to the biological population in the wastewater is important, in terms of 
obtaining the desired level of treatment and reducing the operational costs of the process. 
Surfactants are common wastewater constituents and are known to effect the rate of oxygen 
transfer of fine bubble diffusers.
This report investigates the degree to which surfactants influence the bubble formation 
process using two types of fine bubble diffusers; ceramically bonded alumina and high- 
density polyethylene. Bubble formation and bubble size were examined for both diffusers in 
an aqueous solution of 5mg/l of Aerosol OT, an industrial grade anionic surfactant, and 
compared to observations in potable water.
Results for gas hold-up, bubble rise velocity, bubble size, shape and frequency are presented 
along with photographic and motion analysis images of the bubble swarms. The presence of 
an anionic surfactant was found to significantly change the bubble characteristics generated 
from both diffusers at the point of bubble formation. However, the effect of the surfactant on 
the bubble varied between the two types of diffusers, suggesting that the generic type of 
diffuser used is also a factor which will determine the impact a surfactant will have on the 
bubble formation process.
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Appendix 3
EngD Conference Paper 
The Fouling of Fine Bubble Diffused Aeration Systems
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FOULING OF FINE BUBBLE DIFFUSED AERATION SYSTEMS
A. Mercer^
 ^ School o f Engineering in the Environment, University o f SuiTey, Guildford,
GU2 5XH
 ^ Research & Development, Thames Water Utilities, Manor F aim Road,
Reading, RG2 OJN
Abstract
Fine bubble diffusers, the predominant method o f aeration within the activated sludge 
process, are often associated with fouling. This fouling, which can be categorised as 
air-side or liquid-side, often results in an impairment o f performance, the associated 
increase in treatment costs and premature replacement o f diffusers. Dynamic wet 
pressure (DWP) measurejnent and standard oxygen transfer efficiency (SOTE) testing 
are investigated for their potential for use as tools for the monitoring o f diffuser 
fouling. The DWP and SOTE measurements o f a series o f ex-operational diffusers 
are compared to clean diffuser performance. Potential inorganic foulants are 
investigated using atomic emission spectroscopy (AES). Both DWP and SOTE 
techniques are found to provide a potential tool for the monitoring o f fine bubble 
diffuser fouling.
Key Words: Aeration, dynamic wet pressme, fine bubble diffuser, standard oxygen transfer efficiency 
Introduction
It is estimated that 50% of the wastewater that undergoes aerobic biological treatment 
in the UK is treated in activated sludge plants (CIWEM, 1997). The activated sludge 
process is a method o f treating biodegradable wastewaters by aerating and agitating 
the liquid in the presence o f an established biological population. The activated 
sludge is then sepai*ated fi'om the treated effluent via settlement. In the activated 
sludge process, the aeration system has two functions; it supplies dissolved oxygen to 
satisfy the respiratory demands o f the microbial population and maintains the mixed 
liquor solids in suspension. This is typically achieved via air diffusion or mechanical 
aeration.
Aeration is the most energy intensive phase o f wastewater treatment, consuming 
between 50-90% of the total energy costs (Ashley et al., 1991). The total electrical 
energy used by Thames Water in 1997/8 at the 54 sites using the activated sludge 
process (ASP), is 1.650x10^ MJ. At a notional £0.04/kWli, tins amounts to a total cost 
o f aeration for Thames Water in excess o f £12m/year. As a result o f increasing 
energy costs and process considerations, the use o f fine bubble air diffusers (FEDA) 
has become the preferred method for the intioduction o f oxygen into the activated 
sludge process (Huibregste et al.^  1983). Fine bubble diffusers are defined as those 
diffusers which, when new, produce bubbles o f 2-5 mm diameter in clean water 
(EPA, 1989).
Although fine bubble diffused aeration systems represent the most efficient method 
for the introduction o f oxygen; they have been associated with fouling and the
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resulting impainnent o f performance. Diffuser fouling in the activated sludge 
process is reported to be influenced by various physical and environmental factors and 
may occm in two distinct categories.
Diffuser Fouling -  Air Side
Problems associated with air side diffuser fouling are considered to be rare; when they 
are encountered, they can generally be attributed to poor air preparation (EPA, 1989). 
Causes o f air-side fouling include:
• dust and dirt from unfiltered or inadequately filtered air,
• oil from compressors or viscous air filters,
• rust and scale from air pipe corrosion,
• oxidation and subsequent flaking o f bituminous air main coatings,
• construction debris,
• wastewater solids entering thr ough diffusers or piping leaks.
Many o f the causes of air-side fouling can be avoided by the proper selection and 
maintenance o f air filtration equipment, post-constiTiction cleaning o f the process air 
handling equipment and minimising power intenirptions.
Diffuser Fouling — Liquid Side
The majority o f fouling o f fine bubble diffrisers in installations with good mechanical 
integrity occurs on the liquid side. This fouling may be chai'acterised as biological 
fouling or inorganic fouling (Kim et a l,  1993). Biological fouling is the 
accumulation o f biological materials including bacteria and slime on the surface o f the 
diffuser. Bacteriologically, the slime is extracellular polymeric material secreted by 
or encapsulating the bacteria. Biological fouling occurs when the bacteria present in 
the bulk aqueous phase are transported to the vicinity o f the diffuser substr'atmn 
surface. Attacliment o f the bacteria to the solid surTaces involves two mechanisms, 
reversible adhesion and irreversible adhesion (Marshall et a l,  1971). Biofrlm 
formation on the diffuser surface is affected by process variables. The availability of  
soluble substrate and the mixed liquor iron concentration appear to affect the 
production o f biological slime (Reith et a l,  1990).
Several potential causes o f bio fouling have been identified (EPA, 1989; Houck and 
Boon, 1981). These include;
• high organic loading
• low DO concentration
• wastewater characteristics
• high wastewater temperature
• low air flow rate per diffuser
• uneven air distiibution in diffuser
• low penneability o f diffiiser
• presence o f inorganic particulates
• nutrient imbalance
• chemical additives
Inorganic fouling has been found to be influenced by the presence o f iron salts, 
hai'dness, sands and clays (Morgan, 1959). hrorganic elements such as calcium.
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magiiesiimi and silica have also been found to precipitate onto the diffuser surface 
(Hartley and Gobble, 1990).
Effects o f Diffuser Fouling
Diffuser fouling is generally detrimental in wastewater treatment. It may result in 
increased headloss across the diffuser, changes to the bubble size distribution and 
reduced oxygen transfer efficiency, both of which result in increased power 
consumption to maintain a given level o f treatment. Addison (1980) examined the 
impact o f biological slimes on oxygen transfer efficiency o f fine bubble diffiisers. He 
observed a 12% reduction in GTE for a heavily slimed diffuser when compared with a 
clean diffuser.
Measurement of Diffuser Fouling
In order to ascertain the efficiency o f an aeration system, various tests have been 
developed to measure the performance o f fine bubble diffusers. The performance o f  
aeration systems is normally determined in clean (potable) water, and provides no 
indication o f how performance changes once operating in a wastewater environment. 
It has been suggested that these performance measurement techniques could be 
adapted for monitoring purposes to indicate the degr'ee o f fouling o f diffusers.
Non-Steady State Clean Water Oxygen Transfer Test
The detailed test methodology is described elsewhere (ASCE, 1991) and thus only a 
surmnary will be provided here. The test is based upon the removal o f dissolved oxygen 
(DO) from a volmne o f water by the addition o f sodium sulphite in the presence o f a 
colbalt catalyst, followed by re-aeration to the satur ation level. The level o f DO within 
the water is monitored during the re-aeration period by measuring the DO concentr ation 
at several points representative o f the tank contents.
The data obtained at each determmation point are then analysed by a simplified mass 
transfer model to estimate the apparent volumetric mass transfer coefficient, Kia, and tire 
steady-state DO saturation concentration, This simplified mass transfer model is 
described by Brown and Baillod (1982), and is given by:
C ,= C : - ( c : - C o ) e x p ( - i^ , a O
Wliere:
Ct = DO concentr ation at tune r, (g.rn' )^
C*oo = determination point value o f steady-state DO satirratiori
concentration as time approaches infinity, (g.rn^)
Co = DO concentration at time zero, (g.m'^)
Kia = determmation point value o f the appar ent volumetric
mass tr*ansfer coefficient, (s'*)
Non-linear regression is used to fit the above model to the DO profiles measured during 
the re-aeration o f tlie test liquid. Tlris provides estimates o f Kia and C*oo wliich are then
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adjusted to standard conditions o f zero dissolved oxygen concentration, 20°C and 1 
atmosphere barometric pressure. There are several key factors that may be used to 
provide an mdication o f the performance o f an aeration system;
• Standard Oxygen Transfer Rate (SOTR)
The SOTR is the mass o f oxygen per unit time dissolved in a volume o f clean water 
by an oxygen transfer system at tire standard conditions o f zero dissolved oxygen 
concentration, a water temperature of 20°C and a barometric pressme o f 1.00 atm 
(lOlldPa).
• Standard Oxygen Transfer Efficiency (SOTE)
The SOTE is the fraction of oxygen m a gas str eam dissolved in clean water by an 
oxygen transfer system when the DO concentration is zero, the water temperatme is 
20°C, and the bar'ometric pressure is 1.00 atm (lOlkPa),
• Standard Aeration Efficiency (SAE)
The SAE is the SOTR per unit total power input. It is usually stated as wire-to- 
water, and thus includes the power consmnption o f all ancillary equipment 
(additional mixers, blower motor heaters, etc.)
Oxygen transfer efficiency (SOTE) is the most important characteristic of any 
aeration system. If SOTE data is to be used for comparative pmposes, (i.e. clean 
diffuser performance versus fouled diffuser performance) it is essential that similarity 
be maintained drrring data collection. This generally requires all data to be measured 
using the same equipment and test configuration, and as such will require the periodic 
removal o f diffusers fr om a particular live installation for SOTE testing.
Dynamic Wet Pressure
Dynamic wet pressure (DWP) is an important characteristic in evaluating porous 
media. DWP is the pressme differential (headloss) across the diffuser element when 
operating in a submerged condition (EPA, 1989). The headloss is a function o f the 
orifice size via which the bubbles are formed and the degi ee o f water saturation in the 
diffuser material. This explains the hysteresis observed when comparing 
measmements talcen from low airflow to high airflow and vice versa. It is proposed 
that as fouling o f diffusers occurs, the pressure required to foim bubbles against the 
force o f smface tension will increase and result in a greater pressure differential 
across the diffuser element.
Experimental Procedure
In order to detennine the suitability o f SOTE testing and dynamic wet pressme 
measurement for the detection and monitoring o f diffuser fouling, a series of 
measmements were perfomied on fine bubble diffusers which had been in operation 
for some considerable time and whose performance was believed to have become 
impaired. These results were compared to the perfonnance o f a similai* clean diffuser 
to determine the suitability o f the monitoring techniques. A series o f Hawker-Sidley 
fine bubble ceramic diffrisers were removed fr om Beckton wastewater tieatment plant 
(ASP3) in East London. The diffrisers are believed to have been in operation for 
around 25 yeais. The diffusers were labelled from A to I, diffuser A being situated in 
the high rate zone, closest to the inlet, o f the plug-flow plant; diffuser I being from the 
low rate zone, closest to the outlet.
The Performance of Fine Bubble Diffusers 36 - 260
36 Month Report
Each diffuser was also analysed for inorganic materials that could be identified as 
possible foulants. This was done by induced coupled plasma atomic emission 
spectroscopy (ICP-AES).
Results
Visual observations found the diffusers to be covered with a significant amount of 
biological slime growth that was brownish-grey on the surfaee and black at the 
diffuser interface.
SOTE Testing
5
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Figure 1 Comparison of Standard Oxygen Transfer Effieiency
Figure 1 illustrates the SOTE of the Beekton diffusers for the airflow range of 13 -20  
em.s * of normalised air (1.01325b, 20°C) compared to the typical performance of a 
similar elean ceramic fine bubble diffuser. It is evident that all of the Beckton 
diffusers have a significantly reduced SOTE capacity. This reduction in SOTE varies 
from 8 -  43%. In general, it can be seen that the closer the diffuser was to the inlet of 
the plant, i.e. the higher the biological oxygen demand (BOD), the greater the 
inhibition of oxygen transfer effieiency. This is in agreement with previous 
observation (Addison, 1980; EPA, 1989; Kim et a l ,  1993).
Owing to the biological slime growth on the diffusers from the low-rate zone 
(diffusers G, H, I) being similar to the diffusers from the high-rate zone (diffusers A, 
B, C) it was thought that the inhibition of SOTE would have been of the same 
magnitude. Although the diffusers from the low-rate section of the plant (diffusers G, 
H, I) exhibited a degree of SOTE inhibition (8-12%) it did not compare to the 35-40% 
observed for the diffusers from the high rate zone. This would indicate that biologieal 
slimes may not be as detrimental to SOTE as first assumed.
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Dynamic Wet Pressure Measurements
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Figure 2 Dynamic Wet Pressure Comparison
It was observed that the DWP profile was not symmetrical with airflow rate. As the 
airflow rate was increased, the DWP also increased. This was expected due to the 
higher back pressure resulting from greater frictional resistance to bubble formation 
and the extra force required to form bubbles at the orifice. Figure 2 shows that all of 
the Beckton diffusers demonstrated higher DWP measurements than a comparable 
clean diffuser. This observation is in agreement with previous studies (Egan-Benck et 
a/., 1993; Hosokawa, 1987; Boyle and Redmon, 1983). The comparison of diffusers 
A, B, and C against the clean diffuser shows that at higher airflow, the diffuser closest 
to the inlet had a greater degree of fouling. Again, this is in agreement with previous 
studies. Visual observations of bubble patterns during the DWP measurements 
showed poor bubble coverage at low airflow rates. Although not reported here, 
similar observations were made for diffusers in the medium and low rate zones 
(diffusers D-I), all of which displayed significantly higher DWP measurements than 
the clean diffuser.
ICP-AES
The results from the ICP analysis provided a quantitative result showing the amounts 
of various elements present. All samples were tested for Sodium, Magnesium, 
Aluminium, Potassium, Calcium, Iron, Copper and Zinc. Only Magnesium, Iron and 
Calcium showed significant differences between the Beckton diffusers and the clean 
diffuser. These results are given in figures 3-5. Figure 4 illustrates that calcium was 
the main inorganic foulant to be found in the Beckton diffusers. The high levels of 
calcium and magnesium can be attributed to extended period of service the diffusers 
have undergone in a hard water area, leading to limescale build-up within the porous 
structure of the diffuser. These observations are consistent with previous studies 
(Morgan, 1959; Hartley and Gobbie, 1990). The increase in iron levels observed may 
well have been due to the presence of iron bacteria. Previous studies (Addison, 1980;
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Reith et a i,  1990) have indicated that the presence of iron bacteria is a contributory 
factor to the formation of biological slimes.
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Figure 4 Comparison of Inorganics - Calcium
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Figure 5 Comparison of Inorganics -  Magnesium
Conclusions
The affect of fouling on fine bubble diffuser performance was investigated by 
dynamic wet pressure measurements (DWP) and standard oxygen transfer tests 
(SOTE). It was found that both techniques could potentially be used to monitor the 
degree of fouling of fine bubble diffusers.
•  Fouling of diffusers was found to increase the DWP when compared with clean 
diffuser performance.
• Fouling was observed to decrease the SOTE when compared with clean diffuser 
performance.
• DWP was found to increase with an increase in airflow rate, whereas SOTE was 
found to decrease.
• Calcium was found to be the major inorganic foulant of fine bubble diffusers.
• The degree of foulant was found to be related to the position of the diffuser in the 
treatment process. The greater the degree of treatment, the lower the rate of 
fouling.
Further Work
Following the identification of DWP and SOTE measurements as tools that have 
potential for monitoring the fouling of fine bubble diffusers, a long-term collaborative 
research program has been formulated to investigate the impact of wastewater 
characteristics and process variable upon the type and rate of fouling. A series of test 
rigs, fitted with in-situ DWP measurement equipment, have been installed into 
operational plants. The DWP of the installed diffusers will be monitored along with 
the process configuration and wastewater characteristics over the next two years. 
Periodic SOTE testing will also be undertaken. It is envisaged that data gathered 
during this program will provide an insight into the causes and rates of fouling of fine 
bubble diffusers and in turn may enable the economic life of aeration systems to be 
more accurately predicted.
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Executive Summary
It Is estimated that approximately 50% of the wastewater that is given aerobic biological 
treatment in the United Kingdom receives treatment in activated sludge plants. The activated 
sludge process is a method of treating biodegradable wastewater by aerating and agitating 
the liquid in admixture with activated sludge, otherwise known as mixed liquor. The activated 
sludge is subsequently separated from the treated effluent by settlement.
In the activated sludge process aeration serves two functions; it supplies dissolved oxygen to 
satisfy the respiratory demands of the microbial population and maintains the mixed liquor 
suspended solids in suspension.
The rate at which oxygen is transferred into solution by an aeration device, and the amount of 
energy used during the process will effect the efficiency and hence the cost of treatment. Due 
to the financial implications of an under-performing system it is common practice within Europe 
for the aeration capacities of new aeration equipment to be specified as the oxygen transferred to 
clean water under standard conditions. It is often impractical to use clean water for an aeration 
test, hence it is common for final effluent to be used instead. It is therefore important that the 
derived oxygenation capacity from the final effluent test is related to the specific clean water 
value in order to evaluate the system performance and to determine contractual compliance.
There often exists a difference in wastewater oxygenation capacity compared to that of 
potable water under the same conditions. This reduction is due to the presence of 
mechanisms that inhibit the oxygen transfer process. This inhibition of oxygen transfer within 
wastewater is characterised by the alpha factor. There are a number of variables, be they 
physical, chemical or biological, that are believed to contribute towards the alpha factor. The 
remit of this research project is to undertake investigations in order to develop an 
understanding of how these complex interactions combine to cause the alpha factor, and if 
possible, to find methods of mitigating these effects.
A series of full-scale aeration tests have been undertaken to gain an Insight into aeration and 
oxygen transfer processes thus gaining an insight into the difficulties and the limitations of 
current methods. A comprehensive literature review of the subject field has been performed 
and Is reported In the 24 month report. From the literature it was concluded that the goal of 
proper alpha factor evaluation must be the elimination of all spurious phenomena in order to 
leave the alpha factor for a particular system, dependent only upon wastewater 
characteristics.
Following the literature review, a research objective was formulated, and a detailed 
methodology of how this is to be achieved is presented within the 24 month report and 
progress of which is described herein.
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A test rig has been designed and built to determine the relative oxygen transfer performance 
of various fine bubble diffusers. This will enable informed decisions regarding the long-term 
replacement program for existing diffusers to be taken. This work has also provided a series 
of benchmark, clean water data that will provide a reference with against which future work 
may be compared.
Experimental work into the effects of depth, air flow, and diffuser type with regard to the 
inhibition of oxygen transfer has been completed for clean water and are currently on-going 
for surfactant-added clean water. Measurements of mass transfer product (kua^o) obtained for 
potable water will be compared to identical measurements taken in an aqueous surfactant 
solution to determine the influence of the alpha factor on these physical variables.
The impact of surfactants upon the bubble formation process has been investigated. The 
presence of an anionic surfactant was found to significantly change the characteristics of 
bubbles generated from ceramic and HOPE diffusers at the point of bubble formation. Initiai 
results suggest that the generic type of diffuser is an important factor in the bubble formation 
process.
Standard oxygen transfer efficiency (SOTE) testing and dynamic wet pressure (DWP) 
measurements have been identified as suitable methods for monitoring the degree of fouling 
of fine bubble diffusers. Test rigs have been instailed at operational sites in order to obtain 
data on how diffuser fouling occurs during the lifetime of fine bubble diffusers. This work is 
being performed in collaboration with other UK water utilities.
An increased knowledge of the variables that contribute towards the alpha factor will provide 
important information to the designers and operators of wastewater treatment plants, thus 
enabling Improvements in the energy efficiency and effluent quality of such plants to be 
achieved.
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1. Project Rationale
The European Directive on urban wastewater of May 21®‘ 1991 (Directive 91/271/EEC) requires, 
by 31®* December 2000, the connection of wastewater to a collection system for all communities 
of over 15,000 Population Equivalents (PE). This coliected wastewater is required to undergo 
treatment within a wastewater treatment facility to a specified standard. The treatment processes 
are aiso required to provide improved effluent quality and greater reliability. These improved 
standards will be enforced by monitoring. After 2005, these conditions will apply to communities 
of over 2,000 PE.
The application of this directive to the member states of the European Union will require 
considerable Investments over the next 10 years, assessed at 63 billion ECU's for Germany, 12 
billion ECU's for France and 7.2 billion ECU’s for England and Wales. To meet the specifications 
of the directive, hundreds of wastewater treatment plants will therefore have to be built or 
upgraded throughout Europe.
The majority of wastewater treatment facilities are biological treatment plants, in which bacterial 
cultures degrade the organic matter of the wastewater to transform it into new bacteria, (excess 
sludge is periodically extracted from the reactor), carbon dioxide and water. In order for these 
biological systems to operate effectively, oxygen has to be provided to the aerobic bacteria via 
aeration systems.
The aeration system is a key component of the aerobic biological sewage plants for two main 
reasons;
• the quality of the wastewater treatment is directly linked to a sufficient Input of oxygen,
• aeration accounts for 60-80% of the energy consumed by the majority of such installations.
One of the contributory factors for the overail efficiency of aeration systems is the rate at which 
oxygen is transferred into solution by the aeration device (porous diffusers, surface aerators, 
etc.). This has a direct effect upon the amount of energy consumed during the process and the 
subsequent costs incurred.
Due to the financial implications of an under-performing system it is common practice within 
Europe for the aeration capacities of new aeration equipment to be specified as the oxygen 
transferred to clean water under standard conditions. It is usually Impractical to use clean water 
for an aeration test, hence it is common for finai effluent to be used instead. It Is therefore 
important that the derived oxygenation capacity from the finai effluent test is related to the 
specific clean water value in order to evaluate the system performance and to determine 
contractuai compliance.
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There often exists a discrepancy in the performance of aeration equipment within final effluent 
compared to that in clean water. This difference is characterised by the alpha factor. The alpha 
factor may be defined as the ratio between the performance of an aeration system, in terms of 
oxygen transfer, in a wastewater and its performance under the same conditions within dean 
water.
There are a number of factors that are beiieved to contribute to the alpha factor. Investigations 
are to be undertaken to develop an understanding of how these factors Interact to inhibit the 
process of oxygen transfer to wastewater.
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2. Progress to Date
2.1 Clean Water and Surfactant Data Collection
The clean water data collection has now been completed. The surfactant-added data 
collection Is on-going and progressing well. It is scheduled to be completed within the next 10 
weeks.
2.2 Effect of Surfactants upon Bubble Formation
An MSc project was completed in this area by Gail Close of the University of Surrey. Many of 
the results were found to be contradictory and it was therefore decided to repeat the 
experimental programme. This work has now been completed and the results are currently 
being analysed.
2.3 Diffuser Fouling Project
The collaborative research program investigating the rates and mechanisms of the fouling of 
fine bubble diffused aeration systems is continuing. Two test rigs have been installed, located 
at Oxford and Henley, and in-situ monitoring of the dynamic wet pressure has commenced. 
At present, data is being coliected fortnightly. A sampling programme that will determine the 
trends in wastewater characteristics is being run in conjunction with the DWP monitoring.
2.4 General Progress and Implications upon Future Work
It Is the intention that the findings of current and future work will be integrated to provide an 
increased knowledge of the performance of fine bubble diffusers, in clean water on the one 
hand and In operational wastewater treatment plants on the other. This new and increased 
knowledge of the oxygen transfer process with respect to activated sludge systems, along 
with an understanding of how it is influenced and affected by process variables, will enable 
the design and operation of wastewater treatment solutions to be optimised and whole of life 
implications to be quantified.
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Future Work
For the forthcoming six months it is intended that the work package will consist of the 
following activities:
• Completion of the Financial Management and Marketing Modules
• Completion of surfactant-added SOTE test programme
• Completion of write-up and submission of the EngD portfolio
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